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SECTION 1.0 


SUMMARY 


This program is a continuation of experimental and design study programs conducted by 
Pratt & Whitney Aircraft to identify and investigate the aero/acoustic technology for ad- 
vanced power plants in second-generation supersonic cruise aircraft. This program was 
directed toward the acquisition of static acoustic and aerodynamic performance data that 
when combined with existing data supported the development of an aero/acoustic prediction 
procedure for inverted velocity profile coannular jet nozzles. 

Acoustic and aerodynamic performance tests were conducted using five 1 2.7 cm (5 in) coan- 
nular nozzle models designed and fabricated for this program. The acoustic tests were con- 
ducted in the Pratt & Whitney Aircraft Willgoos Laboratory Anechoic Test Noise Facility 
(X-206 stand) where the pressures and temperatures of both the fan and primary streams 
were varied to study both inverted velocity profiles (outer stream velocity greater than that 
of the inner stream) and noninverted velocity profiles. These same models were then tested for 
aerodynamic performance at the United Technologies Research Laboratory cold flow large 
nozzle test facility. In these tests, two levels of primary nozzle pressure ratio (PNPR), 1.53 
and 2.0, were evaluated over a range of fan nozzle pressure ratios (FNPR) from 1.5 to 4.0. 

The geometries of the five models were selected to provide a systematic variation in fan and 
primary nozzle radius ratio (for each stream, the radius ratio is defined as the ratio of inner 
to outer radius at the throat). This was accomplished by designing each configuration with 
the same fan and primary throat areas (fan to primary area ratio of 1.48) but positioning 
the annular throats at different mean radii. The fan nozzle radius ratios tested were 0.69, 
0.75, and 0.83. The primary nozzle radius ratios were 0 (no plug), 0.6, and 0.81. The 
0 radius ratio primary nozzle was tested with all three fan nozzle radius ratios. The 0.6 
radius ratio primary nozzle was tested with the fan nozzle radius ratio of 0.75; the 0.81 
radius ratio primary nozzle was tested with the fan nozzle radius ratio of 0.83. The primary 
plugs and fan nozzle afterbodies were all 1 5 degree conical sections. The annular throats 
were also oriented at 15 degrees to direct the flow along the afterbody/plug. The convergent 
(no plug) primary configuration directed the primary flow axially. 

Acoustic testing defined the additional acoustic benefit that high radius ratio exhaust 
systems can contribute to the inherent acoustic benefit of the inverted velocity profile. 
This additional benefit was most pronounced at moderate fan stream velocities. The zero 
primary radius ratio models operating at a fan stream velocity of 610 m/sec (2000 ft/sec) 
and a primary stream velocity of 427 m/sec (1400 ft/sec) showed a PNL reduction of 3 dB 
when fan radius ratio increased from 0.69 to 0.83. Also, increasing primary radius ratio from 
0 to 0.81 (fan radius ratio held constant at 0.83) reduced peak perceived noise level (PNL) 
an additional 1 dB. However, as fan stream velocity was increased to 854 m/sec (2800 
ft/sec), a condition more typical of presently envisioned advanced supersonic technology 
(AST) propulsion systems at takeoff, there was no added acoustic benefit with increasing fan 
and primary stream radius ratio. 


An acoustic engineering prediction procedure was developed using the acoustic and plume 
traverse data from this program in conjunction with existing data. The procedure is capable 
of predicting jet noise sound pressure level spectra at all angles, for coannular nozzles with 
inverted velocity profiles, as a function of nozzle geometry, operating condition and flight 
velocity. In the development of the acoustic procedure, the noise spectra at each angle and 
operating condition were decomposed into four noise components: a high frequency mixing 
noise component, a low frequency mixing noise component, a fan stream shock noise com- 
ponent, and a primary stream shock noise component. Data correlations were then developed 
for each noise component as a function of nozzle geometry, operating condition, and flight 
velocity. The data correlations collapsed the data with standard deviations varying from 
±0.8 dB to ±2.7 dB. 

Although increasing fan radius ratio was beneficial acoustically at some operating conditions, 
it adversely affected the nozzle aerodynamic performance. For the zero primary radius ratio 
models operating at a PNPR of 1.53, increasing fan radius ratio from 0.69 to 0.83 reduced 
the nozzle thrust coefficient from 0.9 to 1.4 percent over the FNPR range tested. At a 
PNPR of 2.0, the reduction was 0.9 to 1.9 percent. 

Installing a plug in the primary nozzle to increase the primary radius ratio alleviated the noz- 
zle performance penalty of the highest fan radius ratio model. This occurred because the fan 
cowl afterbody was cut back to keep the primary throat area fixed, which reduced the sur- 
face area scrubbed by the fan flow. For example, increasing primary radius ratio from 
0 to 0.60 at a fan radius ratio of 0.75 increased nozzle thrust coefficient 0.1 to 1.3 percent 
at a PNPR of 1.53; at a PNPR of 2.0, performance increased from 0 to 1.1 percent. 

In general, the configurations achieved reasonable levels of thrust coefficient; the lowest 
thrust coefficient was 0.965 and the highest was 0.988. A significant result of the per- 
formance testing was the pronounced primary stream flow restriction that occurred in the 
zero primary radius ratio configuration, particularly at a PNPR of 1.53. Reducing PNPR 
from 2.0 to 1.53 reduced the primary discharge coefficient (CDp) from 0.908 to 0.671 
(at a FNPR of 2.85). This How restriction was also affected by the axial separation or crowl 
extension between the primary and the fan nozzles (L) that occurred as the fan radius ratio 
was varied. For example, as the ratio of cowl extension to passage height (L/H) increased 
from 1.0 to 7.7, the Cd p dropped from 0.774 to 0.605 (at PNPR of 1.53). The effect was 

less pronounced at a PNPR of 2.0 where Cj) decreased from 0.93 to 0.84 with this same 
geometry change. P 

A thrust coefficient prediction system was developed by combining analytical predictions 
and an experimental correlation. Data acquired from the static aerodynamic performance 
testing provided an empirical correlation for shock loss at nozzle pressure ratios in excess of 
2.0, which when combined with analytically-determined internal duct loss and external 
scrubbing loss, established the basis for the prediction system. At a fan nozzle pressure ratio 
of a 3.2, the measured thrust coefficients were collapsed with a r?nge from ±0.001 to ±0.006 
at a primary nozzle pressure ratio of 1 .53 and from ±0.001 to ±0.003 at a primary nozzle 
pressure ratio of 2.0. Application of the prediction system to coannular plug nozzles, configured 
somewhat differently than the present program models, resulted in a prediction accuracy of 
± 1 percent in thrust coefficient. No attempt was made to formulate a prediction system for 
primary stream flow restriction. 

All of the detailed acoustic and performance data taken are contained in the companion 
Comprehensive Data Report (Reference 19). 
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SECTION 2.0 


INTRODUCTION 


2.1 BACKGROUND 

The increasing importance of environmental considerations is expected to require significant 
reductions in exhaust system noise levels for the next generation of supersonic transport air- 
craft. Adequate noise reduction must be obtained with a high level of exhaust system aero- 
dynamic performance. Prior to this program, extensive analytical and experimental propulsion 
system studies, conducted as part of the NASA-sponsored Supersonic Cruise Airplane 
Research (SCAR) effort, identified the Variable Stream Control Engine (VSCE) as a promis- 
ing cycle in terms of both system performance and low noise generation. The VSCE cycle 
can be matched to provide a high velocity duct (fan) stream surrounding a low velocity 
core (primary) stream resulting in an exit velocity profile which has inherent jet noise 
benefits without the use of mechanical noise suppressors. 

The noise characteristics of conventional coannular exhaust systems (the fan stream is of 
lower velocity than the primary stream) have been extensively investigated during the past 
few years. The work of Williams (Reference 1 ) first pointed out that the noise of a coannular 
jet was related to fan to primary stream velocity ratio and showed that the noise of a co- 
annular jet was less than the noise of the primary jet under isolated conditions for a large 
range of fan to primary velocity ratios less than one. The basic results of Williams were 
extended by Eldred (Reference 2) to include coannular jets having a heated stream and 
included the effects of fan to primary stream exhaust area ratio. Analytical models developed 
in References 1 and 2 showed that the gross results of the coannular jet could be related to 
the aerodynamic characteristics of the jet exhaust plume. For example, high frequencies 
were shown to be reduced due to the relative velocity effect of the fan exhaust surrounding 
the primary stream, and low frequency characteristics were ascribed to the presence of a 
merged jet resulting from the mixing of the fan and primary jets downstream of the nozzle. 

The experimental investigations of Olsen (Reference 3) and Bielak (Reference 4) confirmed 
the results of Williams and Eldred, and the SAE Subcommittee on Jet Noise has developed a 
coannular jet noise prediction procedure drawing upon some of the results from References 1 
through 4 as well as additional coannular jet noise data produced during recent experimental 
testing. Predictions made using the SAE procedure have shown reasonable agreement with 
model and full-scale engine noise data but have been limited to subsonic flow conditions 
where the fan exit velocity is less than the primary velocity. The more recent prediction 
procedure of Stone (Reference 5) includes the effects of supersonic jets. The work of 
Dosanjh (Reference 6) focused on the noise from coaxial and tertiary unheated supersonic jets. 
Results from his investigation have shown that the jet noise could be minimized for certain 
combinations of pressure ratios for coaxial and tertiary jets, including cases where the inner 
stream velocity was less than the velocity of the outer stream. However, due to the use of 
unheated jets, Dosanjh’s results relate to the shock noise component of jet noise and are not 
directly applicable to the noise of the hot jet exhausts existing in a duct burning turbofan 
engine. 
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More recently, studies sponsored by NASA Lewis Research Center have focused on the noise 
produced by coaxial nozzles with an inverted velocity profile and heated fan and primary 
streams. In the investigation conducted by Kozlowski and Packman (References 7 and 8). 
the noise produced by coaxial nozzles with inverted velocity profiles was studied for an 
extensive range of fan primary stream operating conditions. It was demonstrated that sub- 
stantial noise benefits were obtainable from inverted velocity profile nozzles relative to the 
noise produced by two nozzles operated at the fan stream and primary stream conditions. 
The effects of flight on the noise produced by an inverted velocity profile coaxial nozzle 
were defined in a study by Kozlowski and Packman (References 9 and 10) by simulating the 
effect of forward flight in a free jet wind tunnel. It was determined that the noise benefits 
of an inverted velocity profile nozzle were maintained in flight. The study by Knott (Refer- 
ences 1 1 and 1 2) confirmed the inverted velocity profile noise benefit for additional nozzle 
geometries to those tested in References 7 and 8. In addition to these NASA-sponsored 
experiments, several theoretical studies have been conducted to define the origin of the in- 
verted velocity profile noise benefit. A theoretical prediction procedure based on the Lilley 
(Reference 13) model of jet noise generation was developed by Gliebe (Reference 14) and 
applied to an inverted velocity profile coaxial nozzle. The noise benefit was determined to be 
related to the rapid mixing of the fan and primary stream flows when the velocity profile is 
inverted. Similar results were obtained by Larson (Reference 1 5) in a study of the acoustic 
power spectra generated by inverted velocity profiles. A prediction procedure was developed 
by Stone (Reference 16) for inverted velocity profile jets using some results of the present 
investigation. 

2.2 PROGRAM DESCRIPTION 

This program was conducted to develop an aero/acoustic prediction procedure using the 
expanded data base applicable to the evaluation of coannular inverted velocity profile 
nozzles. 

In this program, five scale model coannular nozzles with a fan to primary area ratio of 1.48 
were designed to simulate representative VSCE geometries. The five nozzles were constructed 
so that the effect of fan stream (outer) and primary stream (inner) radius ratios and exit 
separation on jet noise could be independently determined. Three nozzles had a primary 
radius ratio of zero (no plug in the primary flow) but different fan radius ratios of 0.69, 

0.75, and 0.83. The other two nozzles contained plugs in the primary stream; one had a fan 
radius ratio of 0.75 and a primary radius ratio of 0.60 while the other had a fan radius ratio 
of 0.83 and a primary radius ratio of 0.81 . 

An extensive testing program was conducted to define the effect of fan and primary stream 
radius ratio and exit separation over a wide range of nozzle operating conditions. 
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2.2.1 Test Matrices 


The acoustic test matrix consisted of 95 sets of operating conditions covering a range of fan 
stream temperatures between 700°K(1260°R) and 1 089° K( I960 0 R) and velocities between 
314 m/sec (1030 ft/sec) and 853 m/sec (2800 ft/sec) for the five nozzles. The primary 
temperature was held constant at 811° K (1460°R), and two primary velocities of 427 m/sec 
( 1 400 ft/sec) and 539 m/sec ( 1 770 ft/sec) were tested. In addition to being operated as dual 
flow coannular nozzles, two of the five nozzles were tested with fan flow only over a limited 
range of operating conditions. A limited series of tests was also conducted with the primary 
flow alone. 

In conjunction with the acoustic tests, sixteen aerodynamic plume surveys were conducted. 
For each plume survey, total pressure, total temperature, and static pressure measurements 
were obtained along a radial line in five axial planes. These measurements were used to cal- 
culate velocity profiles. 

The aerodynamic performance test matrix comprised a total of 65 cold flow performance 
test points including: 

(1) 50 coannular flow points (ten for each of five configurations) at 1.53 and 2.0 
primary nozzle pressure ratios over a range of five fan nozzle pressure ratios 
from 1.3 to 4.1. 

(2) Ten fan only flow points (five for each of two plug configurations) over a 
range of five fan nozzle pressure ratios from 1.3 to 4.1. 

(3) Five primary only flow points (for 1 plug configuration) over a range of five 
primary nozzle pressure ratios from 1.3 to 4.1. 

2.2.2 Test Program Description 

The acoustic measurements and aerodynamic plume surveys were conducted at the X-206 
stand in the Pratt & Whitney Aircraft Willgoos Turbine Laboratory located in East Hartford, 
Connecticut. The X-206 stand is an indoor anechoic jet testing facility capable of producing 
two independently controlled flows for simulating VSCE operating conditions. Far-field 
noise was measured on a 4.57 m (15 ft) radius with microphones placed every 10 degrees 
between 60 and 160 degrees from the inlet axis. Plume surveys were obtained with a tele- 
scoping two dimensional traverse system. Flow, pressure, and temperature data were recorded 
on magnetic tape. 

The nozzle aerodynamic performance testing was performed at the United Technologies 
Research Center Large Nozzle Thrust Facility in East Hartford. This facility operates on the 
blowdown principle and consists basically of a 2.758 x 10 6 N/m 2 (400 psig) air supply 
connected to an apparatus which measures thrust and airflow. Dried air enters the test 
stand from the 2.758 x 10 6 N/m 2 (400 psig) blowdown system through a large 1.06 m 
(40 inch) diameter plenum. 
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The aerodynamic performance and acoustic test operating conditions were set using total 
pressure instrumentation located in a strut case (charging station) located approximately 21 
inches upstream from the model nozzle exit plane. Total and primary airflows were measured 
with individual critical flow venturis. 

Each model was operated over a range of fan nozzle pressure ratios at each of two fixed 
primary nozzle pressure ratios. Nozzle thrust was measured with a calibrated strain gage ring 
type force balance in the aerodynamic performance test. The force balance output and flow 
measurement data were recorded on magnetic tape for each test point. Estimated duct 
pressure losses were used to compute total pressure at the nozzle exit. 

All the basic data obtained in this program are reported separately in the companion 
Comprehensive Data Report (Reference 19). 

2.2.3 Aerodynamic and Acoustic Prediction Procedure 

The aero/acoustic data obtained in this program were analyzed to determine the effects of 
fan and primary stream radius ratio and exit separation on jet noise and aerodynamic per- 
formance. The data were then combined with the data of References 7, 8, 9, 10, 11, and 1 2 
to develop an acoustic prediction procedure capable of predicting inverted velocity profile jet 
noise sound pressure level spectra at all angles as a function of nozzle geometry and flight 
velocity and an aerodynamic performance prediction system capable of predicting coannular 
nozzle performance over a range of nozzle geometries at static operating conditions. 
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SECTION 3.0 


APPARATUS - MODEL TEST AND TEST FACILITIES 


The experimental apparatus used in this program is described in this section. Included are 
descriptions of the jet noise test facility (X-206 Stand), the United Technologies Research 
Laboratory Large Nozzle Thrust Facility, and the model nozzles fabricated in this program. 

3.1 JET NOISE TEST FACILITY (X-206 STAND) 

The Pratt & Whitney Aircraft Anechoic Jet Noise Facility, X-206 stand, was used to obtain 
both acoustic and exit velocity profile measurements required for the program. This facility, 
located at the Andrew Willgoos Turbine Laboratory, was specially designed to provide an 
accurate simulation of pure jet noise characteristics using scale model nozzles. 

3.1.1 Test Chamber 

The test chamber, illustrated in Figure 3.1-1, has a volume of approximately 340 
(1 2,000 ft3) and is lined on all surfaces with specially constructed anechoic wedges to pro- 
vide an anechoic environment for frequencies above 150 Hz. The walls are constructed 
with an air passage between the concrete block outer wall and a perforated sheet inner wall. 
Blowers are used to provide a slight inflow of air through the perforated wall in order to 
eliminate any secondary air currents induced by the flow from the test nozzle and to avoid 
flow recirculation at the exhaust duct. A honeycomb exhaust silencer further reduces 
the potential for secondary air currents as well as eliminates the transmission of outdoor 
noise sources into the stand. Chamber temperature, relative humidity and pressure are re- 
corded for each test point at the locations shown in Figure 3.1-1. 

It is necessary to have a floor in the anechoic chamber to provide personnel access to the 
microphones and test nozzles. The floor, designed to be acoustically transparent, is con- 
structed of tensioned wire mesh of 0.254 cm (0.10 in) diameter and 5.08 cm (2 in) grid size 
located at two levels above the floor wedges. Compared to a metal floor grating, the tensioned 
wire floor system is preferred from an acoustical design viewpoint (Reference 17). 

Test nozzles are situated to exhaust in a vertical position directly beneath the exhaust stack. 
Air required to provide the two streams for the coannular test nozzle is supplied from the 
laboratory compressed air system at a maximum flow rate of 14.06 kg/sec (31 lb/sec) at 
4.14 x 105 N/m^ (60 psia). The flow for each air stream is independently controlled by 
pneumatically operated valves in each line. Flow rates are measured independently for each 
air stream by flow measuring venturis which have been calibrated, within ±0.2 percent at 
the Colorado Engineering Experimentation Station, Inc. To prevent duct noise from reach- 
ing the test nozzle section, airflow silencers capable of 25 dB noise suppression are installed 
in each air stream. 
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Figure 3. 1-1 Anechoic Jet Noise Test Facility ( X-206 Stand) 


The flows are heated by direct natural gas fired heater burners with a maximum capability 
of 1089°K (1960°R) at nozzle pressure ratios up to 4.0. The fuel flow into the system is 
measured by calibrated fuel flow venturis. Both flows are then turned 90 degrees through 
separate plenum chambers and formed to provide coannular flows to the transition section. 

A schematic of the air supply system is shown in Figure 3.1-2. The transition section, posi- 
tioned downstream of the direct burners, is lined with high temperature acoustic and thermal 
insulation material to provide attenuation of upstream noise sources, in addition to that 
obtained from the airflow silencers. 

The instrumentation and support section, illustrated in Figure 3.1-3, is connected to the 
transition duct via a bellows assembly in the primary flow duct. The bellows, fabricated 
from 2 ply Inconel 718, takes no axial load but compensates for axial growth occurring 
upstream of the instrumentation section due to thermal contraction and expansion. 
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Figure 3. 1-2 Schematic of Air Supply Heating and Silencing Mechanisms for X-206 Stand 
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Figure 3. 1-3 Exhaust System Test Installation 



3.1.2 Acoustic Data Acquisition System 


Acoustic signals were detected by a polar array of 0.635 cm (0.25 in) diameter Bruel and 
Kjaer (B&K) microphones (Model No. 4135) positioned at normal incidence (0 degrees) 
to the centerline of the test nozzle exit plane at a distance of 4.57m (15 ft). Microphones 
were located every 10 degrees from 60 to 160 degrees relative to the upstream jet axis. The 
60 and 70 degree microphones are located below the tensioned wire floor. The signals were 
transmitted to the control room and recorded on magnetic tape with a Honeywell System 
96, 14 Channel Wide Band Group I tape recorder. During the test, selected acoustic data 
were monitored on-line by a B&K No. 2107 one-third octave band sound analyzer. All micro- 
phones were calibrated prior to the tests by a procedure traceable to the National Bureau of 
Standards. Daily calibrations were performed by a B&K No. 4220 Pistonphone. The freq- 
uency response of the entire data acquisition system is flat within ±1 .0 dB up to 80,000 Hz. 

3.1.3 Pressure and Temperature Instrumentation 

3. 1.3.1 Nozzle Operating Condition Instrumentation 

The instrumentation and support section is located 0.533 m (21 in) upstream from the 
fan nozzle exit plane and serves a dual purpose. It maintains the concentricity of the coan- 
nular nozzle assembly and contains all of the necessary instrumentation to define the pro- 
perties of the How entering the nozzles. 

The major portions of the instrumentation duct are shown in Figure 3.1-4. A single strut, 
having an 18 percent NACA series 400 airfoil cross-section, passes through the primary duct 
and is welded in place at the primary duct walls. The same strut passes freely through the 
fan duct walls where clearance is provided to allow for relative growth due to temperature 
differentials in the two streams. Two short struts, welded to the outer diameter of the 
primary tube and positioned 90 degrees to the primary strut, also pass freely through the 
fan duct wall. When operating with a thermal gradient, the fan duct is allowed to change 
in diameter relative to the primary duct without distorting the duct shape and without any 
significant variation in concentricity. Outer seal housings are provided around the floating 
struts to prevent leakage from the fan stream. 

The instrumentation in the primary passage consisted of six total pressure probes, six total 
temperature probes and four wall static pressure taps. The fan stream instrumentation con- 
sisted of two total pressure probes and two total temperature probes mounted in each of the 
two duct struts and four static taps in both the inner and outer wall. The total pressure and 
total temperature probes were installed protruding through the leading edge of the struts. 

The probes are made up of removable rakes which are held in place at the ends of the sup- 
port struts. The rakes may be installed or removed after rig assembly without having direct 
access to the primary or secondary How passages. 

The fan and primary duct rakes were used to establish the total pressures and temperatures 
of each stream. The probes (Pt and Tt ) were arranged radially in each duct at the centers 
of equal areas. An arithmetic average of the probe readings was then used to provide area- 
averaged value of total pressure and temperature. Pressure and temperature probes were 
both included in each rake so that the How properties were sampled across the entire duct. 
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3. 1.3.2 Nozzle Exhaust Plume Traverse Instrumentation 


Traverses of the jet exhaust plume were conducted at several elevations downstream of the 
model to determine the radial pressure and temperature profiles. 

A combination wedge probe with total pressure, total temperature, and static pressure 
measurement capability was used for this program. This type of probe has been used ex- 
tensively on other NASA and in-house sponsored programs during recent years. A sketch 
of the probe is shown in Figure 3.1-5. The static pressure is measured with two orifices 
(a and b), one on each side of the 20-degree wedge. The total temperature is determined 
by means of a thermocouple that is exposed to flow through ports at the rear of the wedge 
at points d and e. The flow exits at the base of the wedge through port f, which controls 
the flow past the thermocouple head. This port was sized to establish the best balance be- 
tween conductive and convective heat transfer. The probe was extensively calibrated for 
pressure and teperature recovery up to Mach 1 .6 and yaw angle of ±5 degrees at high and low 
Reynolds numbers. Strain gages were placed at high stress areas on the wedge so that probe 
stress could be monitored while traversing the jet plume. 

3.1. 3.3 Exhaust Plume Traverse System Description 

A photograph and a schematic of the traverse system are shown in Figures 3.1-6 and 3.1-7, 
respectively. The mechanism is located 1 35 degrees from the microphone array, as shown in 
Figure 3.1-1 . The probe support traverse bed traveled in a vertical plane parallel to the nozzle 
centerline via two telescoping tubes which collapsed within themselves when in the stowed 
position. The tube assembly centerline was located 0.61 m (24 in) from the nozzle center- 
line to allow sufficient plume clearance at the fully extended position. The system had the 
capability to travel 1 .40 m (55 in) above the nozzle exit and was stowed in a rotated position 
0.152 m (6 in) below the nozzle exit in order to avoid reflection problems during acoustic 
testing. The tops and sides of the system were acoustically and thermally insulated. 

The traverse mechanism provided two degrees of movement in a plane normal to the nozzle 
exhaust flow. This movement was a polar type motion, i.e., radial and angular movements, 
which permitted positioning of the probe in any desired location at any given plane normal 
to the exhaust of the nozzle. The apparatus consisted of two numerically controlled actua- 
tors: one, a chain driven radial traverse actuator to which the probe was attached, the 
other, a chain driven unit which was used to rotate the radial actuator providing angular 
positioning. Each unit has a potentiometer which provided positional information, i.e., 
a millivolt signal, to the traverse control console and the data acquisition system. Auto- 
matic positioning of the radial and angular actuators was achieved by means of a two chan- 
nel Slo-Syn Numerical Tape Control console. A preprogrammed tape was read by this con- 
sole allowing any desired probing pattern to be achieved. 

Due to the relative thermal growth of the nozzle assembly with respect to the floor mount- 
ed traverse system it was necessary to determine the true position of the nozzle so that the 
axial measurement planes could be repeated at any operating condition. In order to accom- 
plish this, an arm was attached to the traverse table which, when lowered, accurately 
sensed the location of the fan nozzle via a limit switch. All axial traverse positions were then 
adjusted with respect to this base position. Furthermore, through the use of micro switches 
and a television monitor, traverse system and probe were protected from interference damage 
with the test nozzle. 
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0.010m 



Figure 3. 1-5 Details of Traverse Probe 



Figure 3. 1-6 Exit Profile Traverse Rig 
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(a) 



(b) 


OF FAN EXIT PLANES) 


Figure 3.1-7 Exit Profile Traverse Rig (a) and Traverse ( b) Station Locations 



3. 1.3.4 Data Acquisition Equipment 

A portable data unit was utilized to record on magnetic tape all pressure and temperature 
readings of the traverse probe and rig operating condition instrumentation as well as the 
probe location at each sampling point. The magnetic tapes were processed on a Xerox 
SIGMA 8 computer that converted raw millivolt data acquired from pressure transducers 
and thermocouples to engineering units and applied appropriate calibrations to the pres- 
sure data. The SIGMA 8 generated a hard copy printout of the data in raw millivolts and 
engineering units, data validity information and punch cards containing the calibrated data 
in engineering units. 

3.1.4 Acoustic Test Matrix 

A total of five coannular jet model nozzles was evaluated at the X-206 Anechoic Test Facil- 
ity. Three of the models had a conical convergent primary nozzle and two had plug type 
primary nozzles. A summary of the pertinent model geometric parameters, including nominal 
fan to primary jet area ratio, fan and primary radius ratios, nozzle extension to annulus height 
ratios, cowl extension and plug angles, is tabulated in Table 3.1-1. The effects of thermal 
growth on fan to primary jet area ratio at the elevated temperature test conditions are tab- 
ulated in Table 3.1 -II. 

The test matrix used is shown in Table 3. l-III. A total of 95 acoustic and 16 aerodynamic 
traverse points was recorded over a range of flow conditions including a nozzle pressure 
ratio range from 1 .3 to 4.1 and fan and primary temperature ranges of 700°K (1 260° R) to 
1089°K (1960°R). The range of test conditions was selected to provide a parametric varia- 
tion of velocity and temperature ratio to systematically identify their effects on jet noise. 

The range of test conditions also covered the fan-to-primary velocity ratios typical of VSCE 
type nozzles. The actual nozzle operating conditions listed in Table 3. l-III were based on 
charging station instrumentation measurements. Data were acquired with primary flow alone 
and fan flow alone as well as for coannular flow conditions. 

The 1 6 traverse data points were distributed among the five nozzle configurations to deter- 
mine the jet plume aerodynamic characteristics over a variety of operating conditions. Each 
traverse point consisted of radial measurements taken at five axial planes, as shown in Figure 
3.1 -7b. The axial traverse stations are defined relative to the fan nozzle exit plane, Station 
216 (defined in Figure 3.1-1 and 3.1-3). The first traverse plane was chosen at a distance 
0.1 14 m (4.5 in.) from the fan nozzle exit plane of Configuration D, and the fifth plane was 
located at the maximum traverse extension. The remaining intermediate traverse stations 
were biased toward the nozzle exit because in this region the plume develops rapidly. 

Traverse measurements were taken along one radial line from the nozzle centerline to 
the extremity of the jet plume as shown in Table 3.1-IV. In some cases aerodynamically- 
induced vibration (as indicated by traverse probe strain gage instrumentation) prevented 
taking data at every radius for every traverse test point. These few instances generally oc- 
curred at or near the center of the plume, at the two highest axial traverse stations. The 
number of such instances was small and did not significantly affect use of the traverse data 
for acoustic analysis. 
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MODEL GEOMETRIC PARAMETERS 
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Centerbody Length 

L#/H f L/H 

Annulus Height p 1 


TABLE 3.1-11 


HOT FAN-TO-PRIMARY AREA RATIO 

Af/Ap (Cold) = 1.48 

A f /A p (Hot) 

1089°K (1960°R) Fan 700°K (1260°R) Fan 
Configuration 81 1°K (1460° R) Primary 811 °K (1460° R) Primary 


A 

1.45 

1.45 

B 

1.45 

1.45 

C 

1.44 

1.44 

D 

1.45 

1.45 

E 

1.43 

1.44 


TABLE 3. 1111 
ACOUSTIC TEST MATRIX 





FAN 





PRIMARY 




Data Taken On 

Point 


b) 

Pressure 


Velocity 



Pressure 


Velocity 


Nozzle Configurations 

No. 

°K 

Ratio 

m/sec 

(ft/sec) 

°K 

Ratio 

m/sec 

(ft/sec) 

A 

B 

C 

D 

1 

700 

(1260) 

1.3 

314 

(1030) 

811 

(1460) 

1.53 

427 

(1400) 

a 

a 

a 

a 

2 

700 

(1260) 

1.8 

457 

(1500) 

811 

(1460) 

1.53 

427 

(1400) 

a 

a+t 

a 

a+t 

3 

700 

(1260) 

2.5 

564 

(1850) 

811 

(1460) 

1.53 

427 

(1400) 

a 

a 

a 

a 

4 

700 

(1260) 

3.2 

625 

(2050) 

811 

(1460) 

1.53 

427 

(1400) 

8 

a+t 

a 

a+t 

5 

1089 

(1960) 

1.8 

573 

(1880) 

811 

(1460) 

1.53 

427 

(1400) 

a 

a+t 

a 

a+t 

6 

1089 

(1960) 

2.5 

707 

(2320) 

811 

(1460) 

1.53 

427 

(1400) 

a+t 

a+t 

a+t 

a+t 

7 

1089 

(1960) 

4.1 

853 

(2800) 

811 

(1460) 

1.53 

427 

(1400) 

a 

a 

a 

a 

8 

700 

(1260) 

1.3 

314 

(1030) 

811 

(1460) 

2.0 

540 

(1770) 

a 

a 

a 

a 

9 

700 

(1260) 

1.8 

457 

(1500) 

811 

(1460) 

2.0 

540 

(1770) 

a 

a 

a 

a 

10 

700 

(1260) 

2.5 

564 

(18S0) 

811 

(1460) 

2.0 

540 

(1770) 

a 

a 

a 

a 

11 

700 

(1260) 

3.2 

625 

(2050) 

811 

(1460) 

2.0 

540 

(1770) 

a 

a+t 

a 

a+t 

12 

1089 

(1960) 

1.8 

573 

(1880) 

811 

(1460) 

2.0 

540 

(1770) 

a 

a 

a 

a 

13 

1089 

(1960) 

2.5 

707 

(2320) 

811 

(1460) 

2.0 

540 

(1770) 

a 

a 

a 

a 

14 

1089 

(1960) 

4.1 

853 

(2800) 

811 

(1460) 

2.0 

540 

(1770) 

a 

a 

a 

a 

15 1,2 



No Fan Flow 


700 

(1260) 

1.3 

314 

(1030) 


a 



16 



No Fan Flow 


700 

(1260) 

1.8 

457 

(1500) 


a 



17 



No Fan Flow 


700 

(1260) 

2.5 

564 

(1850) 


a 



18 



No Fan Flow 


700 

(1260) 

3.2 

625 

(2050) 


a 



19 

700 

(1260) 

1.3 

314 

(1030) 



No Primary Flow 



a 


a 

20 

700 

(1260) 

1.8 

457 

(1500) 



No Primary Flow 



a 


a 

21 

700 

(1260) 

2.5 

564 

(1850) 



No Primary Flow 



a 


a 

22 

700 

(1260) 

3.2 

625 

(2050) 



No Primary Flow 



a+t 


a+t 

23 

1089 

(1960) 

1.8 

573 

(1880) 



No Primary Flow 



a 


a 

24 

1089 

(1960) 

2.5 

707 

(2320) 



No Primary Flow 



a 


a 

25 

1089 

(1960) 

4.1 

853 

(2800) 



No Primary Flow 



a 


a 

26 



No Fan Flow 


700 

(1260) 

1.3 

314 

(1030) 





27 



No Fan Flow 


700 

(1260) 

1.8 

457 

(1500) 





28 



No Fan Flow 


700 

(1260) 

2.5 

564 

(1850) 





29 



No Fan Flow 


700 

(1260) 

3.2 

625 

(2050) 





30 



No Fan Flow 


1089 

(1960) 

1.8 

573 

(1880) 





31 



No Fan Flow 


1089 

(1960) 

2.5 

707 

(2320) 





32 



No Fan Flow 


1089 

(I960) 

4.1 

853 

(2800) 















TOTALS 















Acoustic (a) 

14 

25 

14 

21 











Traverse (t) 

1 

6 

1 

6 

1. Convergent nozzle reference points 







Grand 


95 Acoustic Pts 

2. The fan cowl was removed when testing with primary flow alone 





Total: 


16 Traverse Pts 
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LOCATIONS FOR TRAVERSE MEASUREMENTS 
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3.1.5 Test Procedure 


The test procedure for obtaining an acoustic or traverse data point consisted of setting the 
fan and primary pressures and temperatures required. These were then held constant with 
automatic pressure and temperature controllers and allowed to stabilize for approximately 
five minutes. Both acoustic and nozzle operating condition data were then acquired simu- 
taneously. During data acquisition the nozzle operating conditions were closely monitored 
for fluctuations. 

3.2 UTRC LARGE NOZZLE THRUST FACILITY 

The static nozzle model aerodynamic tests, conducted with unheated flow, were performed 
at the United Technologies Research Center in the Large Nozzle Thrust Facility. This facility 
operates on the blowdown principle and consists of an air supply connected to an apparatus 
which measures thrust and airflow. Dried air enters the test stand from the 2.758 X 10^ N/m^ 
(400 psia) blowdown system through a large 1 .016 m (40 in) diameter plenum. The high 
pressure air system, when operated in the blowdown mode, can provide runs of at least a 
200 second duration with airflow rates up to 34.05 kg/sec (75 lb/sec) and nozzle exit pres- 
sures of 10 atmospheres. 

3.2.1 System Description 

The United Technologies Large Nozzle Thrust Facility is shown schematically in Figure 
3.2-1. 



Figure 3.2-1 UTRC Large Nozzle Thrust Facility — Schematic of Overall Installation 
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Ambient temperature air, throttled from the 2.758 X 10 6 N/m 2 (400 psig) system, is sup- 
plied to the upstream plenum. The flow is straightened in the plenum chamber before pas- 
sing through a Smith-Matz flow measurement venturi (for total flow measurement) and into 
a balance section. It then passes through the mount flange into the adapter/flow control 
section of the model assembly, shown in Figure 3.2-2. The total flow is divided into fan and 
primary flows at this point. The primary flow is measured by a second venturi. Both fan 
and primary flows are independently controlled by translating choke plates in each stream 
which simultaneously serve as flow straighteners and control valves. 

Each of these throttle-choke plate assemblies consists of two disks with a series of drilled 
holes (coincident in the full open position). The flow is regulated by translating one of the 
disks relative to the other to reduce the flow area. Flow quantity can be adjusted very pre- 
cisely and with practically no flow distortion over the full range from zero to maximum. 
The throttled flows then pass through the instrumentation section and exit from the model 
into the exhaust collector. 


BALANCE 



PLATE 


Figure 3.2-2 Aerodynamic Performance Model Assembly 


3.2.2 Instrumentation 

The charging station instrumentation section, connecting at Station 0.559 m ( 22.0 in), and 
model assembly were the same items used in the acoustic test and are described in Section 
3. 1.3.1. 

Total model airflow was measured by the critical flow venturi downstream of the plenum, 
as shown in Figure 3.2-1. Primary air flow was measured by the critical flow venturi located 
in the primary flowpath of the aerodynamic performance assembly as indicated in Figure 
3.2-2. Fan flow was then determined by subtracting the primary flow from the total meas- 
ured flow. 

Nozzle thrust was measured with a strain gaged six component ring type force balance. 
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3.2.3 Facility Thrust Balance Calibration 


Prior to installation of the aerodynamic performance assembly, the thrust balance was cali- 
brated. The calibration procedure consisted of two steps. First, the thrust facility was capped 
at the balance mount flange and axial force dead weight testing was performed over a range 
of internal balance pressures at zero flow conditions to determine sensitivity and pressure 
tare calibrations. Second, a zero thrust nozzle was installed on the balance mount flange and 
was tested over a range of flow conditions to define flow tare calibrations. A photograph of 
the zero thrust nozzle installation is shown in Figure 3.2-3. 

To verify overall balance performance, instrumentated single flow ASME reference nozzles, 
shown in Figure 3.2-4, were installed on the balance mount flange and tested over the same 
range of operating conditions as the test models (pressure ratio of 1.3 to 4.1). The charging 
station instrumentation used with the ASME nozzles consisted of a nine port area weighted 
total pressure probe and a single total temperature probe. 

Results of the tests were compared to the established level of performance for an ASME 
nozzle and to previous data to ensure balance repeatability. Both 0.076 m (3 in) and 0. 1 02 m 
(4 in) diameter ASME nozzles were available for this program. Both were tested to approxi- 
mate the thrust and flow conditions of the primary only configurations and the coannular 
models. The level of performance and repeatability of the 0.102 m (4 in) diameter nozzle 
is illustrated in Figure 3.2-5. As shown, the repeatability of the balance is very good and 
the data agree well with the established velocity coefficient level. 



•zero 

thrust 

PLENUM 


|j FOUR OPPOSING EQUAL 
H AREA CONVERGENT 
H NOZZLES 


Figure 3.2-3 Zero Thrust Nozzle Installation 
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After the balance calibrations and ASME nozzle tests were completed, the model adapter/ 
flow control assembly was installed on the balance mount flange and the primary venturi 
calibrated. This was accomplished by sealing off the fan flow passage and calibrating the 
primary venturi against the thrust facility standard Smith-Matz type venturi to define the 
primary flow. The coannular fan flow could then be determined by subtracting the primary 
flow from the measured balance flow. 

The test procedure for a given model configuration consisted of varying the fan nozzle pres- 
sure ratio to cover the defined range at a constant value of primary pressure ratio. When 
this was completed the primary pressure ratio was changed and the process repeated. At 
each given test point the output of the force balance and the flow metering systems were re- 
corded, along with data from the charging station instrumentation on the model and support- 
ing hardware. 

3.2.4 Aerodynamic Performance Test Matrix 

The aerodynamic test matrix is shown in Table 3.2-1. This test matrix covers a total of 65 
subsonic and supersonic operating points with fan-to-primary velocity ratios smaller and 
larger than one. Data were taken with primary flow alone and fan flow alone as well as coan- 
nular flow conditions. The total pressure ratios listed in Table 3.2-1 were nominal values; 
nozzle thrust and flow coefficients (C T and C D ) were calculated using charging station in- 
strumentation area averaged values of pressure and temperature. 

TABLE 3.2-1 

AERODYNAMIC STATIC TEST MATRIX 
(All Data Obtained at Ambient Temperature) 

Configurations Fan Pressure Ratio (P tf 7P a ) Primary Pressure Ratio (P t /P a ) 


1.3 

1.53 

1.8 

1.53 

2.5 

1.53 

3.2 

1.53 

4.1 

1.53 

1.3 

2.0 

1.8 

2.0 

2.5 

2.0 

3.2 

2.0 

4.1 

2.0 

1.3 

No Primary Flow 

1.7 

No Primary Flow 

2.5 

No Primary Flow 

3.2 

No Primary Flow 

4.1 

No Primary Flow 

No Fan Flow 

1.3 

No Fan Flow 

1.8 

No Fan Flow 

2.5 

No Fan Flow 

3.2 

No Fan Flow 

4.1 
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3.3 NOZZLE MODELS 


3.3.1 Configuration Selection 

Previous work on inverted velocity profile coannular nozzles had established the reduced 
noise characteristics of these systems. However, only a preliminary effect of the coannular 
nozzle geometry on exhaust noise and performance had been identified. The five coannular 
model configurations used in this program were selected to provide the geometric parameter 
extensions necessary to develop an engineering design procedure for general application to 
inverted velocity profile coannular nozzles. 

The data base used to determine the necessary parameter extensions was obtained from 
References 7 through 1 2. The primary geometric parameters of nozzles tested under these 
programs are shown in Table 3.3-1. Two nozzles with fan-to-primary area ratios of 0.75 and 
1 .20 were tested in References 7 and 8. Both configurations had primary nozzles extending 
slightly downstream from the fan exit plane. Two nozzles with an area ratio of 0.65 were 
tested as part of References 1 1 and 12; one nozzle was coplanar, while the other had a signi- 
ficant primary extension and a primary plug. Three acoustic comparisons were made using 
this data base to determine the effect of nozzle geometry on exhaust noise; 

( 1 ) The 0.75 and 1 .20 area ratio nozzles were compared to determine the effect of 
area ratio. 

(2) The two 0.65 area ratio nozzles were compared to determine the effect of an ex- 
tended primary and plug on jet noise. 

(3) The 0.75 area ratio nozzle (with L/H = 2.3) and 0.65 area ratio coplanar nozzle 
were compared to determine the effect of a small primary extension on jet noise. 


The first comparison showed that an increase in fan area increased the noise generated at all 
frequencies when total jet area was held constant. High frequency noise for the 1 .20 area ratio 
nozzle was 2 dB higher than the high frequency noise for the 0.75 area ratio nozzle for all 
operating conditions, while the low frequency noise increase depended upon operating con- 
dition. The second comparison showed that a combined plug-primary extension reduced 
high frequency noise 2.0 dB leaving the low frequency noise unchanged. The third com- 
parison showed that a small primary extension had no effect on jet noise. 

This data analysis suggested that certain geometric parameters may be significant. These 
parameters consist of fan stream and primary stream radius ratio, centerbody length to 
nozzle annular height ratio, and nozzle area ratio. The evaluation of the five models pro- 
vided the systematic variation of these potentially important parameters to expand the data 
base so that an accurate acoustic prediction system could be formulated. 

The selected configurations are shown schematically in Figure 3.3-1. Geometric character- 
istics of the selected configurations, labeled A to E, have already been tabulated in Table 
3.1-1. The characteristics of the configurations from previous programs contributing to the 
data base are tabulated in Table 3.3-1. The parametric extension to the previous data are 
summarized in the following paragraphs. 
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TABLE 3.3-1 


MODEL GEOMETRIC PARAMETERS FROM 
PREVIOUS PROGRAMS 




Fan 


Primary 


To{al 

Configuration m^ (ft^) 

v% 

R 

L/H 

+t 

Fan 

Extension 

(degrees) R L/H 

Plug 

(deg) 

Ref. 7,8 

0.0126(0.136) 
0.75 Coannular 

0.75 

0.79 

2.3 

3 - 

- 

Ref. 7,8 

0.0126(0.136) 

1.2 Coannular 

1.20 

0.72 

1.7 

4 - 

- 

Ref. 11, 12 

(1 b.0 183(0. 197) 
0.65 Coplanar 

0.65 

0.78 

- 

- 

- 

Ref. 11, 12 

<'b.0183(0.197) 

0.65 Plug 

0.65 

0.91 

8.0 

13 0.69 7.2 

3/15* 


(1) Geometry scaled from Figures 1 and 4 of Reference 1 2 Comprehensive Data Report, 
Volume I. 


♦Dual Angle Plug (3 and 1 5 degrees) 



(A J VARIA TION OF FAN STREAM RADIUS RATIO 



(B) VARIATION OF PRIMARY STREAM RADIUS RATIO 

Figure 3.3-1 Schematic of the Selected Test Nozzle Configurations 
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Area Ratio (A f /A ) - A nozzle area ratio of 1 .48 was selected for the model designs based on 
the take-off requirements of the VSCE cycle. Configurations A, B and C (to be compared 
with the previously tested coannular nozzles) extend the data base from 1 .2 to 1 .48. 

Length to Passage Height (L/H) - With no plug in the primary stream the ratio L/H will 
increase with fan stream radius ratio if the nozzle area ratio and primary cowl extension 
angle are held constant. In Configurations A. B. and C, the fan stream L/H ratio increased from 
1.0 to 7.7 while the fan stream radius ratio increased from 0.69 to 0.83. Placement of a 
plug in the primary stream, with nozzle area ratio and cowl extension angles held constant, 
resulted in a change in primary stream L/H ratio. For Configurations A, D, and E, the fan 
stream L/H ratio was held constant at 1 .0 while the primary stream L/H ratio increased 
from 0 to 15.27. 

Radius Ratios (rjD/roD^ " Fan stream radius ratio effects can be determined from com- 
parisons of Configurations A, B. and C. The relative importance of primary stream radius 
ratio can be determined from a comparison of Configuration pairs D and B, and F. and C. 

The minimum fan stream radius ratio was defined by allowing a nominal separation between 
the fan and primary streams of one fan nozzle annulus height with a fan cowl extension 
angle of 15 degrees and a conical convergent primary nozzle. The maximum fan stream 
radius ratio considered was based on a combination of the fan stream jet area, the maximum 
nacelle diameter for the VSCE-502B and a nominal clearance for actuation mechanisms, etc. 
These relationships were patterned after the preliminary nozzle design prepared in Reference 
1 8. In other words the maximum radius ratio was obtained when the fan jet was located 
near the maximum nacelle diameter (allowing the 7.6 cm [3 in] clearance required by the 
actuation mechanisms). 

The five selected configurations were judged to best satisfy the objective of expanding the 
data base to provide an engineering design procedure within the program limitations. 

3.3.2 Model Designs 

The geometries of the five test configurations, A through E, are summarized in Table 3.1-1. 

A photograph of the five model assemblies is shown in Figure 3.3-2. Assembly layouts for 
the five models appear in Figures 3.3-3 through 3.3-7. 

Separate primary cowls and primary plug centerbodies (Configurations D and E) or inner 
cone fairings (Configurations A, B and C) were required for each model. The inner cone 
fairings were required in the convergent primary nozzle design to avoid flow separation 
from the plug centerbody support shaft. It was possible to use the same fan cowl for Config- 
uration B and D, and C and E, so that only three fan cowls were required. 

The tests conducted in Reference 7 revealed the presence of fan stream shock screech in 
the noise spectra of some of the models tested in that program. Since full scale engines 
do not exhibit this noise characteristic, it was eliminated by adding small screech tabs to the 
fan cowl trailing edge. The screech tabs were incorporated into the present model fan cowl 
designs and were machined integrally with the cowls. The eight tabs were equally spaced 
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around the circumference and had dimensions of 0.007 m (0.265 in) wide by 0.001 m (0.046 
in) long, as shown on the Configuration A fan cowl drawing Figure 3.3-8. The tabs were 
used only for acoustic testing and were machined off to produce a smooth cowl lip for aero- 
dynamic performance testing. 



msr . 


Figure 3. 3-2 Test Models 



• STATION IDENTIFICATIONS ARE BASED ON LINEAR 
STATION DIMENSIONS SHOWN IN FIGURE 3.1-3 


Figure 3.3-3 Details of Configuration A 
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* STATION IDENTIFICATIONS ARE BASED ON LINEAR 
STATION DIMENSIONS SHOWN IN FIGURE 3.1-3 

Figure 3.3-4 Details of Configuration B 


STA.* 



• STATION IDENTIFICATIONS ARE BASED ON LINEAR 
STATION DIMENSIONS SHOWN IN FIGURE 3.1-3 


Figure 3.3-5 Details of Configuration C 
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(4.100) 

• STATION IDENTIFICATIONS ARE BASED ON LINEAR 
STATION DIMENSIONS SHOWN IN FIGURE 3.1-3 


Figure 3.3-6 Detail of Configuration D 



•STATION IDENTIFICATIONS ARE BASED ON LINEAR 
STATION DIMENSIONS SHOWN IN FIGURE 3.1-3 


Figure 3.3-7 Detail of Configuration E 
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Figure 3. 3-8 


Model A with Fan Cowl Screech Tabs 



SECTION 4.0 


TEST DATA 


The data obtained from the experimental testing are described in this section along with 
the test procedure and test matrix showing the conditions at which each of the model 
configurations was tested. Included are a discussion of the acoustic data and a discussion 
of the aerodynamic data. 

4.1 ACOUSTIC DATA 

4.1.1 Acoustic Data Reduction 

The measured acoustic signals recorded by the eleven microphone array at 4.57 m (15 ft) 
radius were corrected, analyzed and converted to full size engine data (12X model size) 
by the procedure illustrated in Figure 4.1-1. This figure indicates the data outputs available 
for both the 0. 1 27 m (5 in) equivalent diameter model size and 1.52 m (5 ft) full size scaled 
engine data. All of the data are available in the companion Comprehensive Data Report 
(Reference 19). 



Figure 4.1-1 Acoustic Data Reduction Procedure 
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The tape recorded far field signals from the eleven microphones were reduced to one-third 
octave band sound pressure levels by analog/digital analysis performed with a General Radio 
No. 1921 Analyzer. 

The one-third octave band model sound pressure levels, analyzed from 100 Hz to 80,000 Hz 
band center frequency were corrected for calibrated cable and microphone response. The 
data were then processed, as shown in Figure 4.1-1 , resulting in output tabulations for each 
test condition. A sample of each output is shown in Tables 4.1-1 and 4.1 -II. 

The two types of data outputs available, indicated by Figure 4.1-1, are theoretical day 
sound pressure level (SPL) and scaled engine data, described in Sections 4. 1 . 1 . 1 and 4.1.1 .2, 
respectively. In addition, a tabulation of all model size OASPL’s at all angles, including 
actual operating conditions, is presented in Appendix A. This Appendix also shows the cor- 
responding peak PNL values for the “full-scale” (12X model scale) engine at a 648.6 m side- 
line distance. 

4.1. 1.1 Theoretical Day SPL (Model) 

The one-third octave band data were transformed into “theoretical day” or “lossless day” 
data by applying the values of atmospheric absorption defined in Reference 20. This pro- 
cedure entails adding SPL corrections to measured data. The ASPL corrections represent an 
estimate of the absolute sound absorption for noise in each one-third octave band. The 
resulting “theoretical day” data represent the noise that would be measured at the micro- 
phone if no noise was lost through atmospheric absorption. The formula used in Reference 20 
has been verified as accurate only for sound frequencies below 10,000 Hz. However, the 
formulas were used directly to calculate the values of atmospheric absorption for frequencies 
up to 80,000 Hz required for the scale model data. A more accurate method was developed 
in Reference 21 for calculation of atmospheric absorption at frequencies up to 100,000 Hz. 
An attempt was made to convert the published computer program for use in the present 
program. However, report results could not be reproduced due to errors in the published 
computer program. Consequently, the atmospheric absorption corrections in Reference 20 
were used. 

A sample of the “theoretical day” (lossless) model scale data is shown in Table 4.1-1. At the 
top of the page are listed the pertinent ambient and nozzle operating parameters in both 
U.S. Customary Units as well as the International System of Units. The left hand column 
lists the ambient temperature (TEMP), pressure (PRES), and relative humidity (REL H). 
Wind direction (WIND D) and wind velocity (WIND V) are not applicable for the indoor 
test facility. 

The center columns list the full scale primary and fan stream exhaust nozzle areas (AREA) 
as equal to zero to indicate that the noise data are in model scale form. In the same columns 
are found the stream total to ambient pressure ratio (PR), stream temperature (TEMP), and 
stream density (RHO), and the ideally expanded velocity (VEL). 

The right hand columns list the full scale mass flow (MASS FLOW) as equal to zero to 
indicate that the noise data are in scale model form. Also listed in this column are the model 
size ideal thrust (THRUST, IDL), exhaust nozzle areas (AREA MOD), and mass flows 
(W MODE). Model thrust (THRUST, ME A) is shown to be zero because it was not measured 
in this part of the experiment. 
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SAMPLE OF ACOUSTIC DATA 
(MODEL SIZE; THEORETICAL DAY) 
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SAMPLE ACOUSTIC DATA 
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200. SIDELINE 

PKL 112.9 11*. V 11?.* 119.8 121.0 122.7 122.8 122-1 120.1 118-3 11* 


Below the parameter listing are the tabulated, model scale one-third octave band sound pres- 
sure levels at a 4.57 m ( 1 5 ft) polar distance under free field measurement conditions during 
a “theoretical day”. The center frequencies of the 30 measured one-third octave bands 
from 100 Hz to 80 kHz are listed in the left hand column. Data are not recorded at frequen- 
cies of 50 Hz, 63 Hz, or 80 Hz, which is indicated by zeros in Table 4.1-1. The one-third 
octave band sound pressure levels for each microphone measuring angle, 60, 70, 80, 90, 100, 
1 10, 120, 130, 140, 150, and 160 degrees at each one-third octave band are listed in the 
appropriate columns. 

The one-third octave band power levels (referenced to 10" 12 watts) are listed at the ex- 
treme right hand side of the page. The power level calculation procedure is described in 
Section 4.1. 1.3. 

Below the one-third band sound pressure and sound power levels are listed the 4.57 m (15 ft) 
radius overall sound pressure level, denoted OSPL in the computer printouts, for each angle 
and the overall sound power level (OAPWL). 

4.1. 1.2 Scaled Engine Data 

The “theoretical day” noise data were scaled to represent a full size engine having linear 
dimensions corresponding to a 1.52 m (5 ft) equivalent nozzle diameter (12 times model 
size). Thus, the measured SPL levels were increased by 20 log 12 or 21.58 dB and measured 
frequencies were reduced by a factor of 12 to produce full scale engine noise characteristics. 
The full scale SPL levels were extrapolated to 45.7 m (1 50 ft) radius for a standard FAA 
day (T a = 298°K (537°R), REL HUM = 70 percent) by applying the spherical divergence 
law, AdB = 20 log r 2 /rj and the atmospheric attenuation corrections of Reference 20. Over- 
all sound pressure levels (OSPL) were determined by integrating the SPL values from 50 Hz 
to 6300 Hz. The OSPL calculation is cut off at 6300 Hz because no data were available at 
higher frequencies when the model data were scaled in frequency to full scale data. 

Scaling data in this manner from the test day atmospheric condition to atmospheric condi- 
tions on a standard FAA day introduced a small error (less than 0.5 dB) because jet noise is 
a function of jet velocity divided by the ambient speed of sound. Since the speed of sound is 
slightly different for test day atmospheric conditions and standard FAA day conditions 
(unless the ambient air test temperature is 298°K (537°R)), the scaled data will have a dif- 
ferent value of the jet velocity divided by the ambient air speed of sound than the original 
model data. 

Perceived noise levels were computed according to Reference 22 from the SPL spectra at 
various sideline distances at zero altitude with no extra ground attenuations. 

A sample of the scaled engine data is shown in Table 4. 1 -II. The heading at the top of the 
page is similar to that described in Section 4. 1.1.1 with the following exceptions. The left 
hand columns list the ambient temperature (TEMP) and relative humidity (REL H) cor- 
responding to the FAA standard day (25°C and 77 percent relative humidity) to which the 
data are scaled. 

The center columns list the full scale primary and fan stream exhaust nozzle areas (AREA). 
The right hand columns list the full scale mass flow (MASS FLOW). Also listed are the full 
scale ideal thrust (THRUST, 1DL). 
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Below the sound pressure level and sound power level spectra are listed the 45.7 in ( 150 ft) 
radius overall sound pressure level (OSPL) for each angle and the overall sound power level 
(OAPWL ). Perceived noise levels ( PNL) are listed for each measuring angle at 45.7 m ( 1 50 ft) 
radius and at sideline distances of 60 m (200 ft). Him. (370 ft), 244m (800 ft), and 
648.6 m ( 2 1 28 ft ). 

Because the characteristics of the test facility ensure far field acoustic signals free from 
ground reflections, all acoustic values calculated from the measured data are also free field. 
The extrapolated values do not include extra ground attenuation. The acoustic data from 
all test points are compiled on computer output sheets in the Comprehensive Data Report 
(Reference 10). 

4. 1.1.3 Calculation of Acoustic Power Levels 

Sound power level spectra and overall power level were determined individually for the 
model data and data sealed to full si/e by spatial integration over the eleven microphone 
positions from the listed SPL and OSPL values assuming symmetry about the jet axis of 
the noise generation. Since the theoretical day model scale data represent the noise that 
would be measured if no atmospheric absorption were present, the power levels represent 
noise generation at the source under atmospheric conditions equal to those existing during 
the test. The full scale data, however, represent noise that would be measured on a stan- 
dard FAA day subject to the scaling error discussed in Section 4. 1.1.2. Thus the full scale 
power levels represent an integration of the far field noise levels on a standard FAA day, 
reflecting the common method for comparing full scale data. The actual power level cal- 
culations employed were: 


P 

PWL = 10 log ( ) = sound power level, in decibels 


" p k 

where: P = X AA^ = the acoustic power, in watts 

k - i ^a c 


Pref = 10~ 12 watts = the reference power level 

10 ^ ^ P r 2 e , ~ mean square sound pressure 


*'et - 20 X 10 6 N/m 2 = reference acoustic pressure 


P a = atmospheric density 


c.j - atmospheric speed of sound 
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11 


number of microphones 


AA k = 

if 

surface area of spherical segment associated with i in 
microphone 

for the first microphone. 

0, +0 2 

AA k = 

2irr 2 [ cos 0, - cos ( )] , 

9 


for intermediate microphones, 


AA k 


2irr 2 [ cos (■ 


*k-l +0 k 


0 k + 0 k+l 

■) - cos ( )] , 


and for the last microphone, 


AA m 


2rrr 2 


#10 + 0u 
[ cos ( 


) - cos 0„ ] , 


where r is the distance of the microphone from the nozzle. 

4.1.2 Acoustic Results and Discussion 

Selected results obtained during the program are presented in this section in order to illus- 
trate the effects of nozzle geometry and operating condition on the acoustic characteristics 
of inverted velocity profile coannular exhaust systems. Only limited data are presented 
since detailed correlations of the acoustic data with nozzle geometry and operating condi- 
tion are contained in Section 5.0. In Section 5.0 it was determined that the most significant 
nozzle geometry parameters affecting the acoustic data were fan stream and primary stream 
radius ratios. The ratio H/L, where H is the annulus height of the fan stream and L is the 
primary nozzle exit plane and fan nozzle exit plane separation distance, was not a significant 
noise correlation parameter, as discussed in Section 5. 2. 1.2. Consequently, the effect ot 
nozzle geometry on the acoustic data in this section is discussed in terms of fan stream and 
primary stream radius ratio. The complete acoustic (model size and scaled 1 2 times to engine 
size) and aerodynamic data tabulations are contained in the Comprehensive Data Report 
(Reference 19). 

The following topics are discussed in this section: comparison of convergent nozzle data 
with SAE predictions, unsuppressed coannular nozzle results, definition of the acoustic 
characteristics of a single stream plug nozzle, and definition of the acoustic characteristics 
of a coannular nozzle with primary flow leakage. 
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4. 1.2.1 Comparison of Convergent Nozzle Data With SAE Predictions 

To obtain the reference convergent nozzle data, the primary nozzle from Configuration B 
was tested at four operating conditions, test points 15-18, defined in Section 3. 1 .4. This 
reference nozzle has an inner plug terminating at a sharp point 0.0224 m (0.0735 ft) or 
0.28 throat diameters upstream from the nozzle exit plane. Two operating conditions con- 
sisted of supersonic Hows and two operating conditions consisted of subsonic flows. Figure 
4.1-2 contains comparisons at 90 and 150 degrees of the measured data, scaled by a factor 
of 1 2, with the SAH prediction (Reference 23) for a subsonic nozzle pressure ratio of 1.8. 
Since the noise measurements were obtained in an anechoic environment and considered to 
be free field levels, they were compared with free field noise level predictions. The spectral 
peaks of the measured data agreed with predicted values to within 1.0 dB. Figure 4.1-3 
contains comparisons at 90 and 150 degrees of the scaled data with a prediction for a nozzle 
pressure ratio of 3.2. The prediction at this supersonic pressure ratio was obtained by adding 
the SAE prediction, which includes only jet exhaust mixing noise, to a shock noise pre- 
diction made using the Harper-Bourne and Fisher theory (Reference 24). At 150 degrees, 
the mixing noise prediction dominated the shock noise prediction, and the prediction agreed 
with the measured data to within 1.0 dB at the spectral peaks. At 90 degrees, the shock 
noise is a significant factor in the total noise spectrum. At the spectrum peak, the measured 
data and prediction agree to within 2.0 dB. The measured and predicted data illustrated in 
Figures 4.1-2 and 4. 1-3 agreed well within the ±2 dB accuracy attributed to the SAE predic- 
tion method, except at very high frequencies where the measured data were higher than the 
SAE predictions. The origin of the high frequency difference between the data and SAE 
predictions is unknown and at the present cannot be attributed to instrumentation errors. 
Appendix B contains a summary of the procedure used to verify the instrumentation 
accuracy and data-acquisition procedure. 



CONDITION 16 

A T - .803M 2 (8.64 FT 2 ) T a = 298°K (537°R) 

r - 45. 7M (150 FT) REL. HUM. * 70% 

Vj =■ 457 MPS (1500 FPS) 

Tj = 700°K (1260°R) 

PNPR = 1.80 

MEASURED DATA 90° O 
150° O 

SAE PREDICTION 


Figure 4. 1-2 Comparison of Measured Data. Scaled to Engine Size, with SAE Predictions 
for a Convergent Nozzle at Subsonic Conditions 
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ONE THIRD OCTAVE BAND CENTER FREQ - HZ. 


CONDITION 18 

A t = .803M 2 (8.64 FT 2 } Ta - 298*K (53rR) 

r = 45.7M (150 FT) F1EL. HUM - 70% 

Vj = 625 MRS (2050 FPS) Tj - 700K (1260°R) 

PNPR - 3.20 

MEASURED DATA 90° O 
150°'O 

SAE + HARPER-BOURNE 

AND FISHER 
PREDICTION 


Figure 4. 1-3 Comparison of Measured Data, Scaled to Engine Size, with SAE Predictions 
for a Convergent Nozzle at Supersonic Conditions 


4. 1.2.2 Unsuppressed Coannular Nozzle Results 

The effects on the acoustic characteristics of coannular nozzles of nozzle operating condi- 
tion and geometry were investigated in this program. The noise characteristics of the models 
tested are presented in terms of peak perceived noise level, perceived noise level directivity, 
and one-third octave band sound pressure levels. The noise characteristics also were corre- 
lated with the plume aerodynamic data obtained in this program and are presented in this 
section of the report. Appendix A contains a complete listing of acoustic power levels. 
OASPL directivity, and perceived noise level directivity for all test conditions. 

Definition of the Effect of Nozzle Operating Condition on Inverted Velocity Profile 
Coannular Nozzle A coustic Characteristics 

Since the fan stream jet tended to control the total measured jet noise for most of the selected 
inverted velocity profile test range, the ideally expanded fan jet velocity was selected as 
the main parameter for presentation of the acoustic data. Perceived noise level (PNL) at the 
angle of peak sideline noise level, 1 20 degrees in most cases, is shown as a function of fan 
velocity in Figure 4.1-4 for Configuration A with a constant primary velocity of 427 m/sec 
(1400 ft/sec) and primary temperature of 81 1°K (1460°R). The construction details of 
Configuration A are illustrated in Figure 3 3-3. An increase in PNL can be noted with 
increasing fan velocity. Figure 4.1-5 contains a similar set of curves for Configuration A 
with the second primary operating condition used in the test, a primary velocity of 539 m/sec 
(1770 ft/sec) and a primary temperature of 81 1°K (1460°R). 


I 
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1000 2000 3000 FPS 


FAN VELOCITY ~V f 


Figure 4 . 1-4 Peak PNL for Configuration A 



1000 2000 3000 FPS 


FAN VELOCITY ~V f 

Figure 4. 1-5 Peak PNL for Configuration A 
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The noise directivity characteristics obtained for Configuration A are illustrated in Figure 
4.1-6, which contains sideline PNL as a function of measurement angle for a series of fan jet 
velocities. At angles forward of 90 degrees at the supersonic fan operating conditions (fan 
nozzle pressure ratios of 2.5 and 3.2), shock noise was present in the measured noise spectra 
resulting in a very slight change of directivity. 

One-third octave band spectra for Configuration A at 150 and 90 degree angles are contained 
in Figures 4.1-7 and 4.1-8, respectively, for fan to primary velocity ratios of 1.34, 1.66 and 
2.00. The data in these figures were obtained for subsonic primary nozzle pressure ratio 
(1.53) and fan nozzle pressure ratios of 1.8, 2.5 and 4.1. The spectrum for the 1.34 velocity 
ratio data at 1 50 degrees shows a double peak that is characteristic of the noise from inverted 
velocity profile jets. The noise generated at a higher fan to primary velocity ratio of 1.66 
exhibits a high frequency peak that is similar in level to the low frequency peak, and the 
separation of the high and low frequency peaks is less pronounced than the peaks for the 
1.34 velocity ratio data. The noise generated at a fan to primary velocity ratio of 2.00 is 
also dominated by the low frequency peak. As can be observed by comparing the spectra 
for the 1.34, 1.66 and 2.00 velocity ratios, an increase in fan stream velocity while main- 
taining a constant primary subsonic velocity caused the low frequency spectrum peak to 
progressively dominate the spectrum. This result (see Section 5.0) was predicted to be due 
to the noise produced by the merged region of the flow. 

Figure 4. 1-8 contains one-third octave band spectra at 90 degrees for the same operating 
conditions illustrated in Figure 4.1-7. The data trends are similar to those observed at the 
150 degree angle except that the spectra are broad and do not exhibit two distinct noise 
peaks. At 1 50 degrees, the spectra were dominated by jet exhaust mixing noise, and there 
was no evidence of shock noise at the supersonic fan nozzle pressure ratios of 2.5 and 4. 1 . 

At 90 degrees, however, shock noise is visible, at the supersonic operating conditions, at a 
frequency of 5000 Hz. At the fan nozzle pressure ratio of 2.5 the spectrum shape is slightly 
different than that for the subsonic pressure ratio of 1.8 which indicates the presence of 
shock noise. At the fan nozzle pressure ratio of 4. 1 , the shock noise is a significant factor 
in the total noise spectrum. 

Figures 4. 1-9 and 4. 1-10 contain one-third octave band data at the 150 and 90 degree angles, 
respectively, for Configuration A for two coannular nozzle operating conditions with the 
same fan stream conditions but with different primary stream conditions. The data in 
Figures 4.1-9 and 4.1-10 were obtained for a subsonic fan nozzle pressure ratio of 1.8. The 
fan to primary flow velocity ratios of the two sets of data were 1.06 and 1.34. At both the 
150 and 90 degree angles, as the primary stream velocity was increased, the low frequency 
noise increased while the high frequency noise was unchanged. Although the primary nozzle 
pressure ratio was supersonic for the 1.06 velocity ratio data, jet exhaust mixing noise domi- 
nated the spectra in Figures 4.1-9 and 4.1-10, and shock noise generated by the primary 
stream was not visible. 
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Figure 4. 1-6 Effect of Fan Velocity on the PNL Directivity of Inverted Velocity Profile 

Coannular Nozzles 
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Figure 4. 1-7 Effect of Increasing Fan Velocity on Inverted Velocity Profile SPL Spectra 
at 150 Degrees 
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Figure 4.1-8 Effect of Increasing Fan Velocity on Inverted Velocity Profile SPL Spectra 
at 90 degrees 
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Figure 4.1-9 Effect of Increasing Primary Velocity on Inverted Velocity Profile SPL 
Spectra at 150 Degrees 
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Figure 4.1-10 Effect of Increasing Primary Velocity on Inverted Velocity Profile SPL 
Spectra at 90 Degrees 


Figure 4. 1-1 1 contains measured plume aerodynamic data that illustrate the effect on the 
peak mean flow velocity of increasing the primary stream velocity, while maintaining a con- 
stant fan stream velocity. The peak mean flow velocity was the maximum mean flow vel- 
ocity obtained in a radial traverse of the jet plume at a fixed axial position and was calculated 
from total pressure, static pressure, and total temperature measurements as discussed in 
Section 4.2. 1.2. The peak mean flow velocity at a given axial position in the flow was plotted 
in Figure 4.1-1 1 versus the axial position normalized by a diameter, Dt, defined as Dt = 

2 y Af/tf, where At is the total nozzle area. As primary velocity was increased from 
427 m/sec ( 1 400 ft/sec) to 539 m/sec ( 1 770 ft/sec), the rate of decay with axial distance of 
the peak mean velocity was reduced. In the initial region of the flow (0 to 2 diameters 
downstream from the fan nozzle exit plane), the decay rates of the two flows are similar, 
and thus the high frequency noise produced by these regions of the flow should be similar 
for both operating conditions as was illustrated in Figures 4.1-9 and 4.1-10. In the flow 
region 4 to 1 1 diameters downstream from the fan nozzle exit plane, the peak mean velocity 
for the low velocity ratio operating condition was higher than that for the high velocity ratio 
operating condition. Therefore, the low frequency noise produced in this region was predicted 
to be less, as illustrated in Figures 4.1-9 and 4.1-10, for the high velocity ratio operating 
condition than for the low velocity ratio operating condition. Thus, the aerodynamic 
measurements were consistent with the data trends observed in Figures 4.1-9 and 4.1-10. 
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Figure 4.1-1 1 Comparison of the Peak Mean Velocity Decay for Configuration B, Test 
Conditions 4 and 11 


Definition of the Effect of Nozzle Geometry on Inverted Velocity Profile Coannular 
Nozzle Acoustic Characteristics 

The test configurations defined in Section 3.3 provided independent variation of fan stream 
d and primary stream radius ratios for which fan-to-primary area ratio was held constant; for 
Configurations A, B, and C the fan radius ratio was increased from 0.69 to 0.83, while the 
primary radius ratio was held constant. The primary radius ratio for Configurations B and D 
was increased from zero to 0.60, while fan radius ratio was held constant at 0.75, and the 
primary radius ratio for Configurations C and E was increased from zero to 0.8 1, while fan 
radius ratio was held constant at 0.83. 

The effects of nozzle geometry on perceived noise level (PNL) at the angle of peak noise 
level, 1 20 degrees, are shown in Figure 4. 1-1 2 for a primary velocity of 427 m/sec (1400 ft/sec) 
and in Figure 4. 1*1 3 for a primary velocity of 539 m/sec ( 1 770 ft/sec). At fan velocities near 
610 m/sec (2000 ft/sec), an increase in fan radius ratio from 0.69 to 0.83 reduced peak PNL 
2 to 3 dB, and an increase in primary radius ratio from 0 to 0.81 (fan radius ratio was con- 
stant at 0.83) reduced peak PNL an additional 0 to 1 dB. As the fan velocity was increased, 
the noise reductions were less. At a fan velocity of 853 m/sec (2800 ft/sec), an increase in 
fan radius ratio from 0.69 to 0.83 did not reduce peak PNL levels while an increase in pri- 
mary radius ratio from 0 to 0.81 reduced peak PNL levels 0 to 1.0 dB. 

The changes in noise directivity characteristics due to geometry variations are illustrated in 
Figure 4.1-14, which shows PNL as a function of measurement angle at fixed operating con- 
dition. The angle of peak PNL did not change over the range of conditions illustrated in 
Figure 4. 1-14. 
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Figure 4. 1-1 2 Comparison of Peak PNL for Configurations A, C, and E at a Primary 
Velocity of 427 m/sec ( 1400 ft /sec) 
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Figure 4. FI 3 Comparison of Peak PNL for Configurations A, C, and E at a Primary 
Velocity of 539 m/sec (1770 ft /sec) 
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One-third octave band spectra at the 1 50 and 90 degree angles for Configurations A, C, and 
E are contained in Figures 4.1-15 and 4.1-16, respectively, for subsonic primary and fan 
stream operating conditions (PNPR = 1 .53 and FNPR = 1 .80) and show a peak PNLreduction 
of 2.7 dB, as discussed in the preceding paragraph. The model geometries of Configurations 
A, C, and E are illustrated in Figures 3.3-3, 3.3-5, and 3.3-7. The spectra in Figures 4.1-1 5 
and 4. 1-1 6 show that an increase in fan radius ratio or primary radius ratio reduced the high 
frequency noise but did not change the low frequency noise. An increase in fan stream 
radius ratio from 0.69 to 0.83 (with primary stream radius ratio equal to zero) reduced the 
high frequency noise levels 4.0 dB at 1 50 degrees and 6.0 dB at 90 degrees while an increase 
in primary stream radius ratio from 0 to 0.81 (with fan stream radius ratio held constant at 
0.83) reduced the high frequency noise zero and 1.0 dB at 90 degrees and 150 degrees, 
respectively. 

One-third octave band spectra at 1 50 and 90 degree angles for Configurations B and D are 
contained in Figures 4.1-17 and 4.1-18 for the same operating condition as the data in 
Figures 4. 1-1 5 and 4. 1-1 6. The model geometries of Configurations B and D are illustrated 
in Figures 3.3-4 and 3.3-6; Configurations B and D have the same fan stream radius ratios, 
0.75, but primary stream radius ratios of 0 and 0.60, respectively. The data in Figures 
4.1-17 and 4.1-18 demonstrate that the increase in primary stream radius ratio from 0 to 
0.60 did not reduce the noise level of Configuration D relative to that of Configuration B. 
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Figure 4. 1-1 5 Effect of Nozzle Geometry on Inverted Velocity Profile SPL Spectra at 
150 Degrees for a Subsonic Fan Stream Operating Condition 
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Figure 4. 1-16 Effect of Nozzle Geometry on Inverted Velocity Profile SPL Spectra at 
90 Degrees for a Subsonic Fan Stream Operating Condition 
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Figure 4. 1-1 7 Effect of Nozzle Geometry on Inverted Velocity Profile SPL Spectra at 
150 Degrees for a Subsonic Fan Stream Operating Condition 
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Figure 4.1-18 Effect of Nozzle Geometry on Inverted Velocity Profile SPL Spectra at 
90 Degrees for a Subsonic Fan Stream Operating Condition 
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Figures 4. 1-1 9 and 4. 1-20 contain spectra for Configurations A. C and E at 150 and 90 
degrees, respectively, with a subsonic primary flow (PNPR = 1.53) and supersonic fan flow 
(FNPR = 4.1). The 1 50 degree spectra were dominated by a low frequency noise peak and 
were not atfected significantly by the changes in fan or primary stream radius ratio that 
.were tested. 

The 90 degree spectra, however, were affected by changes in fan stream and primary stream 
radius ratio. At 90 degrees the total noise spectrum was not dominated by the low frequency 
noise component, and the high frequency noise component was reduced 3.0 dB by an in- 
crease in fan stream radius ratio from 0.69 to 0.83 (with primary stream radius ratio equal 
to zero) and reduced an additional 1 .0 dB by an increase in primary stream radius ratio 
from 0 to 0.81 (with fan stream radius ratio held constant at 0.83). 

One-third octave spectra at the 1 50 and 90 degree angles for Configurations B and D are 
contained in Figures 4.1-21 and 4.1-22 for the same operating condition as the data in 
Figures 4.1-19 and 4.1-20. Configuration B and D have the same fan stream radius ratio but 
primary stream radius ratios of 0 and 0.60. respectively. The data at 1 50 degrees in Figure 
4.1-21 demonstrate that only a small (approximately 1.0 dB) noise reduction was obtained 
by increasing the primary stream radius ratio from 0 to 0.60. At 90 degrees there was no 
reduction in mixing noise by the increase in radius ratio although the shock noise level in- 
creased as radius ratio increased. 

The data in Figures 4. 1-1 5 through 4.1-22 demonstrate that an increase in fan stream or 
primary stream radius ratio decreased the high frequency jet exhaust noise and did not 
affect the low frequency mixing noise. Furthermore, an increase in fan stream radius ratio 
reduced the high frequency noise more than an increase in primary stream radius ratio. 

Shock noise was not consistently reduced or increased by an increase in fan and primary 
stream radius ratios. The data in Figure 4.1-22 suggest that an increase in primary stream 
radius ratio caused an increase in shock noise generated by a supersonic fan stream. The 
data in Figure 4.1-23 demonstrate that this was not generally true. In Figure 4.1-23, 
Configurations A, B, C, and D produced approximately the same shock noise while Configu- 
ration E produced the least shock noise. In general, the shock noise levels for all five con- 
figurations were within ±2 dB at fixed operating condition. This result is discussed further 
in Section 5.2.2. 

Figure 4.1-24 contains aerodynamic measurements for Configurations A, C and E at an 
operating condition for which a small PNL reduction ( 1 .OdB) was noted for Configuration E 
as compared with Configuration A. In Figure 4.1-24, the peak mean velocity axial decay is 
demonstrated to be the same for the three configurations. Consequently, they should have 
produced approximately the same noise levels as was observed. 
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Effect of Nozzle Geometry on Inverted Velocity Profile SPL Spectra at 
150 Degrees for a Supersonic Fan Stream Operating Condition 
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Figure 4. 1-20 Effect of Nozzle Geometry on Inverted Velocity Profile SPL Spectra at 

90 Degrees for a Supersonic Fan Stream Operating Condition 
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Figure 4. 1-21 Effect of Nozzle Geometry on Inverted Velocity Profile SPL Spectra at 
150 Degrees for a Supersonic Fan Stream Operating Condition 
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Figure 4.1-22 Effect of Nozzle Geometry on Inverted Velocity Profile SPL Spectra at 
90 Degrees for a Supersonic Fan Stream Operating Condition 
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Figure 4.1-23 Comparison of Shock Noise Levels Produced By Configurations A , B, C, D, 
and E for Supersonic Fan Stream and Primary Stream Operating Conditions 
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Figure 4.1-24 Effect of Nozzle Geometry on the Aerodynamic Development of an 
Inverted Velocity Profile Coannular Nozzle 
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4. 1.2.3 Definition of the Acoustic Characteristics of a Single Stream Plug Nozzle 

The effects of a plug on the acoustic characteristics of a single stream convergent nozzle 
were investigated by comparing data from Configuration E with Configuration B when both 
nozzles were operated only with a primary flow; both nozzles had the same total flow area 
(see Figures 3.3-4 and 3.3-7). Configuration E contained a plug whereas Configuration B 
did not. The effect of a plug on perceived noise level (PNL) at the peak noise angle is illus- 
trated in Figure 4.1-25. Peak PNL with the plug installed was 2 to 4 dB lower than the levels 
from the nozzle without the plug. The larger noise reduction was obtained at low jet velocities, 
and the noise reduction decreased as jet velocity was increased. Figure 4.1-26 contains PNL 
directivity plots for both the convergent nozzle and plug nozzle at two operating conditions. 
For the subsonic operating condition (PNPR= 1 .8), PNL was lowered uniformly at all angles 
by the addition of a plug. At the supersonic operating condition (PNPR = 3.2) PNL was only 
slightly lower with the plug nozzle for angles greater than 140 degrees, but was substantially 
lower at angles from 60 to 130 degrees. This was due to lower levels of shock noise with the 
plug installed, as can be seen from the spectra. The effect of flow separation at the plug may 
alter these results. In addition the noise reduction obtained by the addition of a plug may 
vary with radius ratio. 

One-third octave band comparisons at 150 degrees between Configuration B and E are 
contained in Figure 4.1-27 for range of nozzle velocities between 314 m/sec (1030 ft/sec) 
and 625 m/sec (2050 ft/sec) at a temperature of 700°K ( 1 260°R). At the low velocity, 
the noise from the plug nozzle was lower over a range of frequencies from the peak frequency 
of the spectrum to the highest frequency measured (80 kFlz). At the largest velocity, the 
noise from the plug nozzle was about the same as that from the nozzle without a plug, 
although at the peak PNL angle (see Figure 4.1-26) the plug nozzle noise levels were 2.0 dB 
lower than the noise levels from Configuration B. Figure 4.1-28 contains data at 90 degrees 
for the same nozzles and operating conditions as Figure 4.1-27. At low velocities, the noise 
was lower by similar amounts to those observed at 1 50 degrees while at the supersonic con- 
ditions (nozzle pressure ratio >1.89), shock noise levels were much lower with the plug 
installed. This was not observed at 1 50 degrees because at these supersonic conditions mixing 
noise dominates the spectrum at this angle. Therefore, it was concluded that the effect of a 
plug in a convergent nozzle was to reduce mixing noise at low nozzle velocities and reduce 
shock noise at supersonic operating conditions. 

Figure 4.1-29 contains plume aerodynamic data obtained at a supersonic operating condi- 
tion for Configuration E, the nozzle containing a plug. In contrast to a convergent nozzle, 
for which the peak mean velocity at a given axial station is constant through the end of the 
potential core (approximately five nozzle diameters), the peak mean velocity began to de- 
crease 2 to 4 diameters downstream from the nozzle exit plane. This is consistent with the 
lower noise levels observed from Configuration E. 
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Figure 4.1-25 Comparison of Peak PNL for Single Stream Convergent and Plug Nozzles 



Figure 4. 1-26 Effect of Plug on Single Stream Convergent Nozzle PNL Directivity 
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Figure 4. 1-27 Effect of a Plug on Single Stream Convergent Nozzle SPL Spectra at 

150 Degrees 
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Figure 4. 1-29 Comparison of the Peak Mean Velocity Decay for Single Stream Convergent 
and Plug Nozzles 


4. 1.2.4 Definition of the Acoustic Characteristics of a Coannular Nozzle with Primary 
Flow Leakage 

Configurations B and D were operated as annular nozzles by turning the primary flow off. 
The acoustic data obtained for these nozzles actually represent data obtained for high fan 
to primary velocity ratio coannular jets because the primary nozzle was not physically 
sealed by a plug, and a small amount of air was entrained through the primary nozzle. 
Figure 4. 1-30 contains a comparison between the peak PNL obtained for Configuration B 
with the primary flow turned off and the peak PNL for Configuration B with a primary 
velocity of 427 m/sec (1400 ft/sec). The annular jet with primary leakage flow produced 
more noise on a PNL basis than the coannular nozzle with a primary velocity of 427 m/sec 
(1400 ft/sec). A similar trend, illustrated in Figure 4.1-31. was observed by comparing annu- 
lar jet noise data from Configuration D with Configuration D data obtained with a primary 
velocity of 427 m/sec (1400 ft/sec). Figure 4.1-32 contains PNL directivity plots for Con- 
figuration B operated as a conventional IVP coannular nozzle and an annular nozzle with 
primary leakage flow. Data for two sets of operating conditions, one with a supersonic fan 
stream (FNPR = 3.2) and one with a subsonic fan stream (FNPR = 1.8), are included in 
Figure 4.1-32. At the subsonic fan stream operating condition, the configuration with the 
primary leakage flow produced 1.6 dB less noise at the peak PNL angle than the configura- 
tion producing an inverted velocity profile. At the supersonic fan stream condition, the con- 
figuration with the primary leakage flow produced 3.2 dB more noise at the peak PNL angle 
than the configuration producing an inverted velocity profile. 
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figure 4. 1-30 Comparison of Peak PNL for an Annular Nozzle (Vp = 0) and a Coannular 
Nozzle ( Vp = 427 mps ( 1400 fps )) 
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Figure 4. 1-31 Comparison of Peak PNL for an Annular Nozzle ( Vp = 0) and a Coannular 
Nozzle ( Vp = 427 mps ( 1400 fps)) 
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Figure 4. 1-32 Comparison of PNL Directivity for an Annular Nozzle (Vp = 0) and a 
Coannular Nozzle (Vp = 427 m/sec ( 1400 ft /sec)) for Subsonic and 
Supersonic Annular Flow Conditions 

One-third octave band spectra at 150 and 90 degrees are contained in Figures 4.1-33 and 
4. 1-34 for the inverted velocity profile configuration and the primary leakage flow configu- 
ration. The operating conditions for the data in these two figures are the same as those for 
the data in Figure 4.1-32. For both 1 50 and 90 degrees, at the subsonic operating condition 
(FNPR = 1.8) the primary leakage configuration produced mixing noise levels that were 
2.0 dB lower at the spectral peak than the mixing noise levels produced by the inverted 
velocity profile configuration. At the supersonic operating condition (FNPR = 3.2), the 
mixing noise levels were the same for both configurations but the primary leakage flow 
configuration produced more shock noise than the inverted velocity profile configuration. 

The peak mean velocity axial decay is illustrated in Figure 4.1-35 for Configuration B, 
operated both as an I VP coannular nozzle with a primary velocity of 427 m/sec ( 1 400 ft/sec) 
and as an annular nozzle with primary leakage flow. The flow development initially was the 
same (through 1 diameter) but the peak mean velocity of the annular jet in a region approxi- 
mately 5 diameters downstream from the nozzle exit plane was larger than that for the IVP 
coannular jet configuration. This observation was consistent for both Configurations B 
and D. Data were not available for comparison at the last two axial measurement planes. 


59 



SOUND PRESSURE LEVEL 


GO 

TS 

l 



CONFIGURATION B 


A t = 0.0126 M 2 (0.136 FT 2 ) 
T g = 298° K (537°R) 

FNPR = 1.8 

V p - 457 MPS (1500 FPS) 

Tp = 700° K (1 260°R) 

O V p * 427 MPS (1400 FPS) 

T p = 81 1°K (1 460°R) 
••'PRIMARY LEAKAGE 


r = 4.57 M (15 FT) 

REL HUM = 70% 

FNPR = 3.2 

Vp = 625 MPS (2050 FPS) 
Tp = 700° K (1 260°R ) 

□ V p = 427 MPS (1400 FPS) 
T p = 81 1°K (1460°R) 

— PRIMARY LEAKAGE 


ONE THIRD OCTAVE BAND CENTER FREQ - Hz 


Figure 4. 1-33 Comparison of SPL Spectra at 150 Degrees for an Annular Nozzle (Vp = 0) 
and a Coannular Nozzle (Vp = 427 m/sec ( 1400 ft /sec)) for Subsonic and 
Supersonic Annular Stream Operating Conditions 
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Figure 4. 1-34 Comparison of SPL Spectra at 90 Degrees for an Annular Nozzle ( Vp = 0) 
and a Coannular Nozzle (Vp = 427 m/sec (1400 ft /sec)) for Subsonic and 
Supersonic Annular Stream Operating Conditions 
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Figure 4. 1-35 Comparison of the Peak Mean Velocity Decay for an Annular Nozzle 

( Vp — 0) and a Coannular Nozzle (V p = 427 m/sec ( 1400 ftlsec)) for a 
Supersonic Annular Stream Operating Condition 


4.2 AERODYNAMIC DATA 

4.2. 1 Aerodynamic Data Reduction 

Measured aerodynamic data will be discussed in two categories: 

( 1 ) Thrust and flow coefficients 

(2) Nozzle exit profiles 

4.2. 1.1 Thrust and Discharge Coefficient Data Reduction 

By definition, the thrust coefficient of a nozzle is the ratio of the actual nozzle thrust (as 
measured by the test stand balance) and the ideal thrust (which is based on the thermody- 
namics properties of the flow entering the nozzle). 

where = measured thrust 
Fjd t = total ideal thrust 

= F id (primary) + F id (fan) 
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The ideal thrust (Fjj) of each stream is calculated by the equation: 



where: 


P { = area weighted average total pressure at instrumentation station (N/m 2 (psia)) 


A* = 


W* 



7+1 

2 ( 7 - 1 ) 



Eq. (4-2) 


and 


A* = Nozzle thrust area 

= Total measured air flow rate (kg/sec, (lbm/sec)) 

T t = Total temperature at instrumentation station (°K, (° R)) 

7 = Specific heat ratio 

(R = Gas constant = 88.51 Nm/kg °K (53.3 Ibf ft/lbm °R) 

g c = Conversion factor = 1 .0 kg m/N sec 2 (32. 1 74 Ibm ft/lbf sec 2 ) 


The nozzle flow coefficient for each stream is calculated by the equation: 

W, 

C D = 


't 


W 


Eq. (4-3) 


id 


where: 


P t A 



M 




(7+1) 

2(7-1) 

Eq. (44) 
(kg/sec(lbm/sec)) 


A = Nozzle exit area in each stream (m 2 (ft 2 )) 
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M 


= 1.0 if P t /P a > 1.8929 



Data from the thrust test stand were recorded with the UTRC Wide-Band System for 
Acquiring and Recording Data (WISARD), an automatic data acquisition system which 
digitizes up to 20 analog input signals and stores the binary equivalents on magnetic tape. 
Data were reduced by the IBM 370 computer. An example of the reduced data in final for- 


mat is given in Table 


4.2-1. 


TABLE 4.2-1 

TYPICAL PERFORMANCE DATA - MODEL B 


Configuration 8 
Run 1337 


TP 

PNPR 

FNPR 

CT 

CD P 

CDf 

3 

1.53 

4.25 

.973 

.893 

.980 

4 

1.53 

4.24 

.972 

.880 

.984 

5 

1.54 

3.78 

.975 

.853 

.980 

6 

1.53 

3.78 

.975 

.854 

.979 

7 

1.54 

3.30 

.978 

.736 

.975 

8 

1.54 

3.31 

.976 

.769 

.930 

9 

1.54 

2.90 

.980 

.690 

.974 

10 

1.53 

2.90 

.983 

.700 

.972 

11 

1.53 

2.87 

.982 

.688 

.974 

12 

1.54 

2.56 

.980 

.765 

.980 

13 

1.54 

2.56 

.980 

.771 

.977 

14 

1.54 

2.24 

.980 

.805 

.977 

15 

1.54 

2.24 

.979 

.808 

.976 

16 

1.54 

1.82 

.977 

.877 

.971 

17 

1.54 

1.81 

.977 

.878 

.971 

18 

1.53 

1.50 

.976 

.916 

.965 

19 

1.53 

1.50 

.975 

.921 

.965 

20 

1.53 

1.36 

.979 

.931 

.960 

21 

1.53 

1.36 

.978 

.930 

.960 


Where: TP = Test Point Number 

PNPR = Primary Nozzle Pressure Ratio 
FNPR = Fan Nozzle Pressure Ratio 
Ct = Thrust Coefficient 


Cd p = Primary Discharge Coefficient 
CDf = Fan Discharge Coefficient 
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4.2. 1.2 Traverse Data Reduction 


Nozzle exit temperature and velocity distributions were determined from traverse data 
obtained in the X-206 stand. The calibrated traverse probe measured static pressure, total 
pressure, and total temperature at each traverse matrix test point, as described in Sections 

3.1. 3.2 and 3. 1.3.3. 

Complete traverse data are contained in the Comprehensive Data Report (Reference 19). 
A sample of the printout format is shown in Table 4.2-II for Configuration D. Radius (r), 
total temperature (T^), and velocity (V) are tabulated for each axial traverse location (X). 

Velocity was determined from the following expression: 


V = 



m/sec (ft/sec) 


Eq. (4-5) 


where: 


M 



( ^ ) 

VW -'/ 


Eq. (4-6) 


4.2.2 Aerodynamic Results and Discussion 

Selected aerodynamic data are presented in this section, including nozzle thrust coefficient, 
nozzle discharge coefficient, and nozzle velocity and temperature profiles. A complete set of 
aerodynamic data is contained in the Comprehensive Data Report (Reference 19). 

4.2.2.1 Thrust Coefficient 

The model performance was evaluated in the United Technologies Research Center’s Large 
Nozzle Test Facility (LNTF), as discussed in Section 3.2. The reader is referred to a brief 
review of the model configuration (Figure 3.3-1) to facilitate understanding of the following 
discussion. 
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Thrust coefficient (Ct) data are shown for the five tested models in Figures 4.2-1 through 
4.2-5 for two primary nozzle pressure ratios (PNPR) over a range of fan nozzle pressure 
ratios (FNPR). The data are smooth and consistent. 

Figure 4.2-6 shows combined CT data for all five configurations at PNPR 1.53 and 2.0. 

Data points were removed for clarity. Configuration A exhibited the best performance, 
having a CT of approximately 0.985 between FNPR 2.5 and 4.1. Comparison of Configu- 
ration A with the other zero primary radius ratio nozzles, B and C, indicates a successive 
reduction in Ct of from 1 percent at FNPR of 2.5 to 2 percent at FNPR of 4.0. Since fan 
radius ratio increased from 0.69 (Configuration A) to 0.83 (Configuration C), it must be 
concluded that the increased radius ratio and resulting increasing primary cowl length (L/H) 
is detrimental to nozzle performance. This is logical since the internal and external nozzle 
wetted surface area increases with increasing radius ratio resulting in a higher internal pres- 
sure loss and friction drag loss. This has been verified analytically and is discussed further in 
the performance prediction discussion of Section 6.0. 

The performance reduction with an increase in radius ratio was also observed in the com- 
parison of the plug nozzles D and E. Configuration E (with fan and primary radius ratios of 
0.83 and 0.81, respectively) has approximately 0.8 percent lower Cp than Configuration D 
(with fan and primary radius ratio of 0.75 and 0.60, respectively). 

There was one apparent exception to the radius ratio - performance trend. Configuration B 
displayed a rapid drop-off in Ct above FNPR 3.0. This is explained by the fact that Con- 
figuration B experienced a higher expansion loss than Configurations A and C as a result 
of the fan nozzle area ratio (Af/A*), as discussed in Section 6.3. The over-expansion loss 
for Configuration B more than compensated for the radius ratio effect so that the fact 
that Configuration B has lower Op than Configuration C at the higher FNPR does not 
contradict the trend. The overexpansion effect was factored into the performance predic- 
tion system and will be discussed further in Section 6.0. 

Note that at the lower FNPR the performance reduction with increasing radius ratio is more 
pronounced at PNPR 1.53 than at 2.0. This occurs because the thrust contribution of the 
fan nozzle is a smaller percentage of the total exhaust system thrust at PNPR 2.0. Conse- 
quently, for a given level of fan stream loss, overall system Ct will be less affected by radius 
ratio at PNPR 2.0. At the very high FNPR, the fan stream thrust contribution dominates 
and the radius ratio effect appears to be the same for both PNPR 1.53 and 2.0. 
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Figure 4.2-1 Nozzle Thrust Coefficient for Configuration A 
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Figure 4.2-2 Nozzle Thrust Coefficient for Configuration B 
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Figure 4.2-3 Nozzle Thrust Coefficient for Configuration C 
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Figure 4.2-4 Nozzle Thrust Coefficient for Configuration D 
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Figure 4.2-5 Nozzle Thrust Coefficient for Configuration E 
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Figure 4.2-6 Comparison of Measure Thrust Coefficients 
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4.2.2.2 Discharge Coefficient 


Tiie fan and primary discharge coefficients are shown for each configuration at PNPR 2.0 
in Figures 4.2-7 through 4.2-1 1 and at PNPR 1.53 in Figures 4.2-1 2 through 4.2-16. 

The data are consistent. Fan discharge coefficients, CDf, are compared for all models at 
PNPR 1.53 and 2.0 in Figure 4.2-17. CDf increased with FNPR for all configurations to 
FNPR =3.0 and was essentially flat at higher FNPR. Comparisons of PNPR =1.53 and 
PNPR = 2.0 data model by model indicated that CDf were unaffected by changes in PNPR. 
This suggests that the fan to primary offsets (see Figure 3.3-1) are sufficient to ensure that 
the primary stream does not affect CDf 

The maximum spread in CDf for all models is approximately 1.5 percent. This has no prac- 
tical significance to the VSCE cycle since Configuration A (CDf = -97 («' FNPR = 3.0, 

CDf = -96 (<r FNPR = 2.0)could be sized 1.5 percent larger to provide the same fan flow as 
Configurations C and E. 

Primary discharge coefficients, CDp, are compared for all configurations in Figure 4.2-18 
The zero primary radius ratio configurations (A, B, and C), showed a significant decrease in 
discharge coefficient (flow restriction) as FNPR increased. The severity of this flow restric- 
tion increased with reduction in PNPR which was an indication that the fan stream was 
impinging upon the primary flow and was the cause of the restriction. The effect is largest 
for Configuration C, which has highest radius ratio and highest fan-primary offset. 

The flow restriction is also present in the plug Configurations D and E, but to a much smaller 
degree. Comparison of Configurations B and D, which have the same fan radius ratio, showed 
that the zero primary radius ratio Configuration B showed more severe flow restriction 
which suggested that the problem might be offset oriented. However, comparison of Con- 
figurations A and D, which have the same offset, suggested that there may be another con- 
tributing factor. Since all models were designed with a 1 5 degree cowl angle, the presence 
of the plugs in Configurations D and E reduced the fan-primary stream interaction by 
reducing the fan to primary impingement angle. 

It is clear that the strong primary flow restriction exhibited by Configurations B and C 
would result in a much higher than desired mechanical area to meet flow requirements for 
practical engine designs. Design modifications to improve discharge coefficients for this 
type of nozzle might include: (1 ) a significant reduction in primary cowl angle, (2) a con- 
vergent-divergent primary (3) utilization of an isentropic contour on the inner fan stream to 
reduce fan to primary impingement angle, (4) use of a plug primary, or (5) some combination 
of these approaches. 
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Figure 4.2-7 Nozzle Discharge Coefficients for Configuration A at PNPR 2.0 
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Figure 4.2-8 Nozzle Discharge Coefficients for Configuration B at PNPR 2.0 



Figure 4.2-9 Nozzle Discharge Coefficients for Configuration Cat PNPR 2.0 
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Figure 4.2-13 Nozzle Discharge Coefficients for Configuration B at PNPR 1 .53 



Figure 4.2-14 Nozzle Discharge Coefficients for Configuration C at PNPR 1.53 
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Figure 4.2-15 Nozzle Discharge Coefficients for Configuration D at PNPR 1 .53 
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Figure 4.2-16 Nozzle Discharge Coefficients for Configuration E at PNPR 1.53 
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Figure 4.2-1 7 Comparison of Measured Fan Nozzle Discharge Coefficients 



Figure 4.2-18 Comparison of Measured Primary Nozzle Discharge Coefficients 
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4. 2. 2.3 Nozzle Velocity and Temperature Profiles 

Aerodynamic traverse data (total pressure, static pressure and total temperature) were 
obtained for each of the 16 operating conditions defined in Table 3.1 -III. Fan nozzle pre- 
sure ratios ranged from 1.8 to 3.2 with a temperature range from 700° K (1 260° R) to 1 089° K 
(1960°R). Primary nozzle pressure ratios were 1.53 or 2.0 at 811°K (1460°R). Radial 
traverses at 5 axial stations were taken to define the nozzle discharge plume for each model 
as described in Section 3.1.4. The Comprehensive Data Report, Reference 19, contains all 
traverse data obtained in this program. 

Scaled velocity profiles are shown for Configurations A, B, and D in Figures 4.2-19, 
4.2-20, and 4.2-21. The profiles for Configurations A and C (lowest and highest radius ratio 
plugless configurations) are compared in Figure 4.2-22. Velocity and temperature profiles 
for Configurations C and E (high fan radius ratio, zero primary radius ratio and plug con- 
figurations) are compared in Figures 4.2-23 and 4.2-24. 

As expected, all of the traverses showed a sharp distinction between the fan and primary 
streams at traverse stations 1 and 2. (Note that station 1 traverses do not go to the nozzle 
centerline because of mechanical interference between the nozzle and traverse mechanism.) 
At station 3, in Figure 4.2-19, the effects of stream mixing became evident as indicated by 
the reduction in peak velocity from station 2 to 3 (701 m/sec (2300 ft /sec) to 518 m/sec 
(1700 ft/sec)). The two streams have essentially merged by stations 4 and 5 where the 
velocity peak of 384 m/sec (1260 ft/sec) occurred at the nozzle centerline. 

A comparison of the velocity profiles for the lowest and highest fan radius ratio, zero primary 
radius ratio configurations (Configurations A and C) are shown in Figure 4.2-22. The pro- 
file comparison indicates the effect of radius ratio on the radial location of the peak jet 
velocity. The peak velocity of the higher radius ratio configuration, Configuration C, tends 
to occur nearer the flow centerline than the peak velocity of Configuration A. This trend is 
observed in both the initial, unmixed portion of the coannular jet and further downstream 
in the merged flow region. The comparison at station 3 also indicates that the core region 
of high velocity flow of Configuration C is smaller than that of Configuration A. The com- 
parison also indicates that increasing fan radius ratio reduces peak core velocity. The peak 
velocity observed for Configuration C is lower relative to Configuration A. This was consis- 
tent with the reduced high frequency noise measured for Configuration C in the acoustic 
results section 4. 1.2. 

The velocity profile comparison of zero primary radius ratio and plug nozzles at constant 
fan radius ratio (Configurations C and E) is shown in Figure 4.2-23. The comparison indi- 
cates that the zero primary radius ratio Configuration C showed the same radial inward shift 
of velocity peak relative to plug Configuration E as Configuration A did relative to C in the 
previous comparison. There does not appear to be any significant difference in the velocity 
peak decay rate between the plug and zero primary radius ratio Configurations C and E. 

This was substantiated by the acoustic results (Section 4.1.2) which indicated relatively 
small differences between the two configurations. 

The temperature profile comparison of Configurations C and E (shown in Figure 4.2-24) 
indicates very small difference between the two models except at station 1. The station 2 
profiles were practically identical. The stations 3, 4, and 5 temperature comparison are 
similar to the velocity traverse of Figure 4.2-23. 
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Figure 4.2-19 Configuration A Plume Traverse ~ Velocity Profile 
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Figure 4.2-20 Configuration B Plume Traverse ~ Velocity Profile 
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Figure 4.2-21 Configuration D Plume Traverse ~ Velocity Profile 
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Figure 4.2-22 


Plume Velocity Profile Traverse Comparison for Configurations A&C 
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Figure 4. 2-23 Plume Velocity Profile Traverse Comparison for Models C & E 
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Figure 4. 2-24 Plume Temperature Profile Comparison for Models C &E 
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AERODYNAMIC AND ACOUSTIC 


INVESTIGATION OF INVERTED VELOCITY 
PROFILE COANNULAR EXHAUST NOZZLE 
MODELS AND DEVELOPMENT OF 
AERODYNAMIC AND ACOUSTIC 
PREDICTION PROCEDURES 



SECTION 5.0 


ACOUSTIC ENGINEERING PREDICTION PROCEDURE 


A jet exhaust noise engineering prediction procedure for inverted velocity profile (IVP) 
coannular jets was developed during this program and is presented in this section. With this 
prediction procedure, the IVP coannular jet noise spectrum is decomposed into four com- 
ponents: a low frequency mixing noise component, a high frequency mixing noise compo- 
nent, and inner-stream and outer-stream shock noise components. The high frequency mixing 
noise component is generated in the initial region of the IVP coannular nozzle aerodynamic 
flow in which the fan and primary mixing layers develop independently. The low frequency 
mixing noise component is generated in the merged region of the flow in which the fan and 
primary mixing layers have merged. Shock noise is generated by the passage of turbulent 
eddies through the flow shock structure and is generated if either the fan stream or primary 
stream is supersonic. Data correlations were developed for each noise component for both 
static and flight conditions. 

In Section 5.1, the general approach used in developing the prediction procedure is described. 
The static prediction procedure is described in Section 5.2, and in Section 5.3 the effects of 
flight are described. Section 5.4 contains a flow chart using the prediction procedure, and 
Section 5.5 contains a sample calculation using the prediction procedure. Sample predictions 
using the prediction procedure are shown in Section 5.6 along with a description of the ac- 
curacy and limitations of the empirical prediction procedure. The normalized data plots de- 
veloped during this program are contained in the Comprehensive Data Report (Reference 1 9). 

5.1 GENERAL APPROACH 

Acoustic tests of IVP coannular nozzles were conducted over a wide range of nozzle geome- 
tries and operating conditions. This data base was used to develop the acoustic empirical 
prediction system. In the following sections, the data base is defined and the method is 
described for decomposing the total noise spectrum into its four components. Noise 
generation models are then developed for each noise component. 

The following topics are described in this section: definition of the acoustic data base; 
definition of the spectral decomposition; definition of the acoustic models used in developing 
the prediction procedure; and definition of the characteristic velocity, temperature, and 
area for the initial and the merged regions. 

5.1.1 Description of the Acoustic Data Base 

The data base consisted of data obtained during three NASA-sponsored programs: NAS3- 
17866 (References?, 8, 9, 10), NAS3- 18008 (References 11,12), and NAS3-20061 (present 
program). Table 5. 1-1 contains a summary of the nozzles and operating conditions tested in 
each program. Coannular nozzles, with slight primary extensions, without center plugs were 
tested in References 7, 8, 9 and 10. These nozzles had fan to primary area ratios of 0.75 and 
1.20. The 0.75 area ratio nozzle had a fan radius ratio of 0.79 and a primary radius ratio of 
zero, and the 1.20 area ratio nozzle had a fan radius ratio of 0.72 and a primary radius ratio 
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of zero. These nozzles were tested statically over a range of operating conditions, including 
variations in fan to primary velocity ratio between 1.03 and 2.80 and variations in fan to 
primary temperature ratio between 0.36 and 2.76. In addition to the static tests, the nozzles 
also were tested in a free jet wind tunnel to simulate flight velocities up to 1 20.5 m/sec 
(425 ft /sec). Two nozzles were tested in References 1 1 and 12. Both nozzles had a fan to 
primary area ratio of 0.65 and the same total area; one. however, had coplanar fan and pri- 
mary nozzles while the other had a plug in the primary nozzle and a fan-primary exit plane 
separation. The coplanar nozzle had a fan radius ratio of 0.78 and a primary radius ratio of 
zero while the second nozzle had a fan radius ratio of 0.91 and a primary radius ratio of 
0.69. In References 1 1 and 1 2 most test conditions were set with fan to primary' velocity 
ratios of either 1.50 or 2.00. and fan to primary temperature ratios ranged between 0.8 and 
1.96. Five additional nozzles were tested as part of the present program. All nozzles had a 
fixed area ratio of 1.48 and the same total area. Three of the nozzles had a fixed primary 
radius ratio of zero (no plug) but different fan radius ratios of 0.69. 0.75. 0.83. The other 
two nozzles contained plugs in the primary stream; one had a fan radius ratio of 0.75 and 
a primary radius ratio of 0.60 while the other had a fan radius ratio of 0.83 and a primary 
radius ratioof 0.81. In the present program, nozzle operating conditions were varied para- 
metrically with fan to primary velocity ratios between 1.07 and 2.00 and temperature ratios 
between 0.86 and 1.34. 


TABLE 5-1-1 

SUMMARY OF NOZZLE PARAMETERS AND OPERATING 
CONDITIONS IN THE DATA BASE 



Aj 

Fan-Pri 

Fan Radius 

Pri Radius 

Fan-Pri 

Fan-Pri 

Configuration 

Total 

Area Ratio 

Ratio 

Ratio 

Velocity Ratio 

Temperature Ratio 

References 7. 8 (NASA Contract NAS3-1 7866) Static Test 





0.75 Coannular 

0.0126 m 2 
(0 136 It 2 ) 

0.75 

0.79 

0 

1.03-2.80 

0.36 - 2.76 

1 .20 Coannular 

0 01 26 m 2 
(0.136 ft 7 > 
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Since the data base consisted of data from three different programs and test facilities, the 
consistency of the data base must be established. Convergent nozzle data from References 
7, 8, 9, and 10 and the present program can be compared directly because identical ref- 
erence convergent nozzle operating conditions were used and both contracts were conducted 
by Pratt & Whitney Aircraft. Figure 5.1-1 presents a comparison of the data at the peak 
noise angle from the static jet noise facilities used in these two programs. Agreement between 
the two sets of data is within approximately 1.0 dB at the spectral peaks. Data from Refer- 
ences 1 1 and 1 2, which were obtained by the General Electric Corporation, cannot be com- 
pared directly with data from the other two programs because identical convergent nozzle 
operating conditions were not available from this contract and the other two obtained by 
Pratt & Whitney Aircraft. The data can be assessed, however, by comparing measured con- 
vergent nozzle data from all three contracts with SAE predictions (Reference 23) for the 
same operating conditions. Figure 5.1-2 contains a comparison of the measured and pre- 
dicted peak SPL at the peak noise angle for these three test programs. Data from References 
7, 8, 11, and 12 and the present program are consistent with each other and with the SAE 
predictions, while data from References 9 and 10 are approximately 2.0 dB higher than the 
SAE predictions. A similar trend was observed at other angles. The data from References 1 1 
and 1 2 were consistently higher than the SAE predictions and higher than the data from the 
other two programs; therefore, a correction factor (2.0 dB) was subtracted from the former 
data set. 



Figure 5. 1-1 


Comparison of Convergent Nozzle SPL Spectra from the Present Program 
and References 7 and 8 
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Figure 5. 1-2 Comparison of SAE Predictions with Measured SPL Spectra from 
References 7, 8, 1 1 and 12 and the Present Program 

5.1.2 Definition of Spectral Decomposition 

A typical spectrum produced by an IVP coannular jet is illustrated in Figure 5.1-3. It con- 
tains a shock noise component and a broad, often double peaked, jet mixing noise component. 
The shock noise component was present only if the fan stream or primary stream was 
supersonic and is discussed in Section 5.2.2. Shock noise is produced by the convection of 
turbulent eddies through the shock structure of either a supersonic fan stream or primary 
stream (Reference 24). The mixing noise portion of the spectrum is generated by aerodynamic 
quadrupoles in the fan and primary jet shear layers and is discussed in Section 5.2.1. 

A typical aerodynamic flow that generates the type of acoustic spectrum described in the 
preceding paragraph is illustrated in Figure 5.1-4. In Figure 5.1-4, the peak mean velocity 
is plotted as a function of axial distance from the fan nozzle exit plane. The aerodynamic 
flow can be divided into two regions: an initial region, in which the fan mixing layer and 
primary mixing layer develop independently, and a merged region, in which the individual 
character of the two mixing layers is lost. The initial and merged regions are both character- 
ized by a region of constant velocity followed by a region of rapid velocity decay. The large 
difference between the peak mean velocity in the initial and merged regions suggests that 
the high and low frequency portions of the mixing noise spectrum should be analyzed sepa- 
rately in terms of the parameters characteristic of each region of the flow. Consequently, 
the mixing noise produced by an IVP coannular nozzle was divided into two components: 
one generated by the initial region and one generated by the merged region. 


84 




LU 

DC 

D 

CO 

CO 

LU 

DC 

a. 

Q 

Z 

3 

O 

CO 


88 L 


80 ]■ 


72 


64 


CONFG B 
CONDITION 4 

A t = .0126 M2 (.136 FT2) r = 4.57 M (15 FT) 

T a = 298°K (537°R) REL HUM = 70% 

PNPR = 1.53 

V p = 427 MPS (1400 FPS) 

T p = 81 1°K (1460°R) 

FNPR =3.2 

V p = 625 MPS (2050 FPS) 

Tp = 700° K (1 260°R) 

i i 1 1 


31 125 500 2K 8K 32K 

ONE-THIRD OCTAVE BAND CENTER FREQ. - HZ 


128K 


Figure 5.1-3 Typical Inverted Velocity Profile Coannular Nozzle SPL Spectra 
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Since the velocity and turbulence levels in the shear layer between the fan flow and ambient 
air are greater than the corresponding levels in the shear layer between the fan flow and 
primary How, the fan shear layer is the dominant source of mixing noise in the initial region. 
High frequency mixing noise is generated in the fan shear layer close to the nozzle exit 
plane and low frequency mixing noise is generated in the shear layer of the merged region 
further downstream. Therefore, the initial region can be associated with the high frequency 
mixing noise component, and the merged region can be associated with the low frequency 
mixing noise component. This correspondence is illustrated in Figure 5.1-5. 

Shock noise is also produced by the aerodynamic How if the fan stream or the primary 
stream is supersonic. Therefore, there are, in general, four noise components that comprise 
an inverted velocity profile coannular nozzJe noise spectrum. These include a high frequency 
mixing noise component, a low frequency mixing noise component, a fan stream shock noise 
component, and a primary stream shock noise component. 

The procedure used to divide a measured 1VP coannular nozzle noise spectrum into the 
different components consisted of: ( 1 ) to inspect the spectrum to identify a fan stream or 
primary stream shock noise component and, if present, logarithmically subtract it from the 
total measured noise using the shock noise spectral shape obtained from convergent nozzle 
data; and (2) to divide the resulting mixing noise spectrum into high frequency and low 
frequency noise components using a mixing noise spectral shape obtained from convergent 
nozzle data. The mixing components were separated by first determining the dominant 
component (e.g., if the low frequency levels dominate the spectrum, the merged noise com- 
ponent is the dominant component) and then logarithmically subtracting the dominant 
mixing noise component from the total mixing noise component to define the other mixing 
noise component. 

An example of this decomposition process is illustrated in Figure 5.1-6. In the total noise 
spectrum in Figure 5.1-6a, there was only one shock noise component because only the fan 
stream was supersonic (FNPR = 2.5). The shock noise component was first logarithmically 
subtracted from the total noise spectrum, assuming the shock noise spectrum shape was the 
same as that produced by a single stream convergent nozzle (see Section 5.2.2). This proce- 
dure results in the definition of the shock noise component and mixing noise component, 
which are illustrated in Figure 5.1 -6b. Since the resulting mixing noise spectrum in Figure 
5. 1 -6b was dominated by the high frequency noise component, this component was inserted 
into the spectrum, as illustrated in Figure 5.1 -6c, and the low frequency noise component 
was defined by logarithmically subtracting the high frequency mixing noise component 
from the total mixing noise spectrum. This procedure results in the two mixing noise com- 
ponents illustrated in Figure 5.1-6d. The process of defining one mixing noise component 
by logarithmically subtracting the other mixing noise component from the total mixing 
noise spectrum ensured that the logarithmic sum of the shock noise and mixing noise com- 
ponents would reproduce the original total noise spectrum. When one of the shock noise or 
mixing noise components did not dominate the total noise spectrum, the decomposition 
procedure was iterated until noise components were obtained which, when logarithmically 
added, reproduced the original noise spectrum. In Figure 5.1-6e, the logarithmic sum of the 
three noise components is compared with the original data contained in Figure 5. 1 -6a. 
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Figure 5. 7-5 
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the High Frequency Mixing Noise, Low Frequency Mixing Noise, and Shock 
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The spectral decomposition process is summarized in Figure 5.1-7. The process led to a 
definition of a characteristic Fan Stream Shock Noise Sound Pressure Level (FSNSPL) 
and Fan Stream Shock Noise Frequency (FSNF); a characteristic Primary Stream Shock 
Noise Sound Pressure Level (PSNSPL) and Primary Stream Shock Noise Frequency (PSNF): 
a characteristic High Frequency Sound Pressure Level (HFSPL) and High Frequency (HF), 
and a characteristic Low Frequency Sound Pressure Level (LFSPL) and Low Frequency 
(LF). 



Figure 5.1-7 Definition of the Low Frequency Mixing Noise, High Frequency Mixing Noise, Fan 
Stream Shock Noise, and Primary Stream Shock Noise Components 

5.1.3 Definition of Acoustic Models Used in Developing the Prediction Procedure 

Noise generation models for the noise components defined in Section 5.1.2 were developed 
based on the physics of the IVP coannular nozzle flow development and noise generation. 

The mixing noise model was based on the IVP coannular nozzle mean flow field develop- 
ment illustrated in Figure 5.1-4 in which the initial and merged regions both consisted of a 
region of constant velocity followed by a region of rapid axial decay. The flow in each 
region behaves in a manner similar to that of a single convergent nozzle; that is, the peak 
mean velocity at a given axial position in the flow from a convergent nozzle is constant until 
the end of the potential core at which point it decays. This suggests that the mixing noise 
produced by the initial region and merged region can be regarded as equivalent to that gen- 
erated by two separate convergent nozzles, each operated at a characteristic velocity, 
temperature, and area appropriate for each flow region. Based on this approach, both the 
high and low frequency mixing noise levels were normalized with respect to nozzle operating 
conditions using the correlation factors discussed in Reference 23. That is, the mixing noise 
components were normalized with respect to temperature by the factor 10 cu log (T/Ta) and 
correlated with log V/ca. where co is the SAE density exponent, Ta is the ambient air 
temperature, ca is the ambient speed of sound, and V and T are the characteristic velocity 
and temperature, respectively, for either the initial or the merged region. 
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The shock noise scaling parameters were based on the Harper-Bourne and Fisher theory 
(Reference 24) of shock noise developed for convergent nozzles. The noise scaling para- 
meters developed in this theory were modified in the present analysis to obtain scaling 
parameters for the shock noise produced by coannular nozzles. In the Harper-Bourne and 
Fisher theory, shock noise is generated by the passage of turbulent eddies through the jet 
shock structure. 

Convergent nozzle shock noise is a function of the parameter (Ls/r) 2 , where Ls is the charac- 
teristic shock cell spacing and r is the acoustic measurement radius, and Mach number. For 
a convergent nozzle, Ls is defined by 

L s = 1.1 D VM 2 - 1, 

where M is the Mach number of the flow and D is the jet diameter. Therefore, convergent 
n ozzle sho ck noise is a function of (D/r) 2 and y/W — 1 or, equivalently, A/r 2 and 
^ M 2 — 1, where A is the area of the nozzle. A Strouhal number, S, can be defined for 
convergent nozzle shock noise as 

fL s | ( 1 + M c cos 6 ) 2 + (0. 1 9 M c ) 2 } % 


where f is the characteristic frequency of noise radiated at an angle 0, and Me is the turbu- 
lent eddy convection velocity, Vc, divided by the ambient speed of sound. The angle 0 is 
measured with respect to the upstream jet axis. The expression in curly brackets is a Doppler 
factor arising from the relative motion of a fixed observer and moving source. In the original 
Harper-Bourne and Fisher theory, only the Doppler factor (1 + Me cos0) appeared in the 
Strouhal number expression. As the turbulent eddy Mach number, Me, approaches unity, 
this Doppler factor must be modified to account for the finite eddy lifetime. The modifica- 
tion to the Doppler factor, the term 0.19 Me, was determined in Reference 26. 

The shock noise model for IVP coannular nozzle was based on these convergent nozzle 
scaling parameters. Since either the fan stream or primary stream can be a source of shock 
noise, a Strouhal number and Mach number were defined for each based on the characteris- 
tic flow properties appropriate for either flow stream. 

5.1.4 Definition of Characteristic Velocity Temperature, and Area for Initial and 
Merged Regions 

In order to correlate noise generated by the initial and merged regions of the flow, a charac- 
teristic velocity, temperature, and area associated with each region must be defined. The 
characteristic velocity and temperature for each region were obtained by: (1 ) identifying the 
characteristic frequency generated by each region from the mixing spectrum, as defined in 
Section 5.1.2; (2) determining the location in the aerodynamic flow field that each frequency 
is generated ; and (3) defining the local flow parameters in the appropriate region of the 
flow as the characteristic parameters. This procedure is illustrated in Figure 5.1-8. In Figure 
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5. 1 -8a, a noise spectrum at 1 50 degrees, measured with respect to the upstream jet axis, 
was used to identify the characteristic frequency of noise generated by the initial and merged 
regions of the flow. The axial distribution of frequencies, in terms of the acoustic power 
spectrum, generated by the aerodynamic flow of an inverted velocity profile coannular 
nozzle, was determined by the method described in Reference 1 5 and is illustrated in 
Figure 5. 1 -8b. In Reference 15 a flow prediction procedure developed by P.T. Harsha 
(Reference 27) was used to predict the mean flow produced by an IVP coannular nozzle, 
as illustrated in Figure 5.1-8c. The frequency of noise, f(X), generated at any axial position 
in the flow, was then determined from the relation 


f(X) 


V(X) 

.3 

b(X) 



Eq. (5-1 ) 


where V(X) and T(X) are the peak mean velocity and temperature, respectively, at a distance 
X from the nozzle exit plane, and b(X) is the local mixing layer thickness of the fan stream 
mixing layer. The mixing layer width, b(X), was defined as the distance between the radial 
positions where the mean velocity was 5 percent and 95 percent of the peak mean velocity. 
Source location techniques have demonstrated that a given frequency of noise is actually 
generated over a finite region of the aerodynamic flow. In the present analysis, this distribu- 
tion of sources was approximated by assuming that each frequency was generated at only 
one location in the flow; this location would correspond to the peak of the actual source 
distribution. The relationship in Equation (5-1) was experimentally determined in Refer- 
ence 26 for unheated convergent nozzle flows (T(X) = Ta). This expression was assumed to 
be locally valid in an IVP coannular nozzle flow and was empirically extended to heated 

Hows with the factor \/t ( X )/T a . From Figure 5- 1 -8b, the axial locations of the frequencies 
HF and LF were determined. These axial locations were defined as (X/D)j and (X/D)m, 
respectively, where the axial distance X was measured from the fan nozzle exit plane and 
Dison equivalent diameter calculated from the total nozzle area. The characteristic 
velocities for the initial and merged regions were then defined by the use of Figure 5.1 -8c, 
which contains a plot of the peak mean velocity at a given axial position as a function of 
axial position. The local mean velocities at (X/D)j and (X/D) m , denoted as Vj and V m , 
respectively, were defined as the initial region and merged region characteristic velocities. 
The characteristic temperatures for the initial region and merged region were defined in 
a similar manner. 



Figure 5.1-8 Definition of the Procedure Used to Define the Characteristic Velocity and 
Temperature for Initial and Merged Regions 
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As an example of this procedure, consider the acoustic spectrum in Figure 5.1-9. The char- 
acteristic frequencies for the initial region and merged region (Figure 5.1 -9a) are 80 Hz and 
315 Hz, respectively. The plot of frequency versus axial distance for the operating con- 
dition in Figure 5.1-9a is shown in Figure 5.1 -9b; the axial location for the frequencies of 
80 Hz and 315 Hz are (X/Dt)i = 1.5 and (X/Dt)m = 7.0. The plot of peak mean velocity 
versus axial distance is shown in Figure 5. l-9c for the operating condition in Figure 5. l-9a. 
At (X/Dt)i = 1.5, the characteristic velocity for the initial region is 571 m/sec (2200 ft/sec); 
and at (X/Dt)m = 7.0, the characteristic velocity for the merged region is 463 m/sec 
(1520 ft/sec). 

The procedure outlined in the preceding paragraph was used to define the characteristic 
velocity and temperature for a number of nozzle operating conditions. In order to predict 
the characteristic parameters for any operating condition, empirical relationships were then 
determined (see Section 5.2) expressing the initial and merged region characteristic velocity 
and temperature as a function of the operating conditions and geometry of the co annular 
nozzle. 

The characteristic areas for the initial and merged regions were defined as the physical fan 
nozzle area and total nozzle area, respectively. The characteristic velocity, temperature, 
and area for each region were used to determine correlations for the mixing noise generated 
by the initial and merged regions, as described in Section 5.2. 

5.2 STATIC JET EXHAUST NOISE PREDICTION PROCEDURE 

In this section, the methods used to normalize the four noise components with respect to 
nozzle operating condition and geometry are presented. The following topics are discussed: 
development of the mixing noise data correlations and development of the shock noise data 
correlations. 


5.2.1 Development of Mixing Noise Data Correlations 

The low frequency mixing noise component and high frequency mixing noise component 
were correlated with nozzle operating condition and nozzle geometry. The mixing noise 
correlations with nozzle operating condition were developed using the noise model des- 
cribed in Section 5.1.3 in which the noise generated by the initial or merged region was 
modeled as that generated by an equivalent convergent nozzle operated at the characteristic 
velocity, temperature, and area for each region. The high frequency and low frequency 
characteristic peak SPL values (defined as HFSPL and LFSPL, respectively, in Section 5.1.2) 
were normalized with respect to temperature by the relation 


SPL 


corr 


SPL + 1 0 co log 



Eq. (5-2) 
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(a) Definition of the Characteristic Frequencies LF and I IF 



(h) Definition of the Locations in the Aerodynamic Flow That Generate 
the Frequencies LF and HF 
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where SPL is either the high frequency or low frequency noise component, SPL corr 
is the SPL noise component normalized with respect to temperature, T is the initial or 
merged region static temperature for the noise component, T a is the ambient air tempera- 
ture, and to is the SAL density exponent (Reference 23). For purely quadrupole noise 
sources, the temperature appearing in Eq (5-2) is the static temperature. However, use 
of matched asymptotic expansions (Ref. 36) or Lilley’s equation (Ref. 37) to determine a 
rigorous scaling law for aerodynamic noise with jet flow density( or temperature) has de- 
monstrated that the acoustic power radiated by a jet has the scaling law. 

PWL a V;* (p: 2 +B^_ C a 4 ), 

J Vj 4 

where pj is the jet density, p a is the ambient air density, and B is a constant, or 
PWL a P 2 ef f Vj 8 


where 


p eff = Pj (1+B/M 2 ), 

and M is the Mach number of the flow. Then an effective temperature can be defined 
T e ff = T/( 1 +B/M 2 ), 

and jet noise will then follow the scaling law 


PWL a Vj 8 

T 2 eff 

Then use of Eq (5-2) as an equation for normalizing jet noise data with respect to 
temperature requires use of T e ff in place of T. Use of the static temperature in Eq (5-2) 
will not include the jet noise Mach number dependence derived above. Because the co- 
efficient B is not accurately known (see Reference 36 for an order of magnitude estimate), 
T e ff also cannot be used in Eq 5-2. As a result, the total temperature was used as an 
estimate of T e ff because the total temperature has the corrective relative tread variation 
with Mach number. 


Figure 5.2-1 contains a plot of co versus V/c a , where V is the appropriate initial or merged 
region velocity and c a is the ambient speed of sound. The normalization in Equation (5-2) 
is that which could be expected if the initial and merged regions of the flow generate noise 
levels equivalent to those from a convergent nozzle operated at the characteristic tempera- 
ture and velocity of the appropriate region. The data were corrected for temperature by 
use of Equation (5-2) and SPL corr was correlated with log V/c a as discussed in Section 
5.2.1. 1. 
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After the mixing noise components were normalized with respect to nozzle operating con- 
dition, they were normalized with respect to nozzle geometry. This normalization can be 
expressed algebraically by the equation 

SPL nor - SPLcorr + f(A/r' 2 , Rf, Rp), r „ 

Eq. (5-3) 

where SPL nor is the completely normalized SPL for either the initial region or merged region, 
A is the characteristic area for either the initial or merged region, r' is the appropriate meas- 
urement distance, Rf is the fan radius ratio, and Rp is the primary radius ratio. The function 
f was determined empirically from the experimental data, as discussed in Section 5.2. 1.2. 

In addition to the normalization of the HFSPL and LFSPL with respect to nozzle operating 
condition and geometry, the characteristic frequencies (HF and LF) were normalized by 
defining a Strouhal number based on the characteristic velocity and area for each region. 

The measurement radius from an observation point to the jet noise low frequency source 
(denoted rm) or high frequency source (denoted rj) differ since the two noise sources are 
located in different regions of the flow. The initial region noise was assumed to be gener- 
ated at a location near the nozzle exit plane and the merged region noise was assumed to 
be generated farther downstream as an approximation to the detailed source distribution . 

From Figure 1 1 of Reference 1 5, for the initial region Xj = 1.5 Dt and for the merged 
region Xm 555 7.0 Dt, then from Figure 5.2-2, with the definition 0rn ^ 0 and 0 j < 0, 



Eq. (5-4) 

0 m = arc sin [ — sin (180° - 0)] , 
r m 
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CORRELATION PARAMETER ~ log 1Q — 


Figure 5.2-1 Definition of the SAE Density Exponent ( Reference 23) 
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Figure 5.2-2 Definition of the Merged Region, Initial Region, and Nozzle Exit Plane 

Coordinates 
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and 


r 


J ^ 

f 1 + 2.25 ( ) 2 - 3 ( — ) cos (180° - 0), 


r 

0j = arc sin [ — sin ( 1 80° — 0)] . 


Eq. (5-5) 


Figure 5.2-3 contains plots of distance correction, 20 log r/rj, and angle correction, 

A0j = 0 — 0j versus 0; and Figure 5.2-4 contains plots of 20 log r/rm and A0m = 0 — 0 m 
versus 0 using Dt/r = 0.028, which is correct for the facilities from References 7 and 8 and 
the present program. As illustrated in Figure 5.2-3, the level and angle corrections were 
small for the initial region source, and ri ^ r and 0j 0. Therefore, noise generated in the 
initial region, the high frequency noise component, was not corrected for source location. 
However, the angle corrections were on the order of ten degrees and the level corrections 
were 1 to 2 dB for the merged region source, and, therefore, source location must be incor- 
porated in the prediction of the merged region noise. The application of the source location 
angle and level corrections for the merged region is discussed in Section 5.2. 1.1. 

The detailed developments of the mixing noise correlations are discussed in Section 5.2. 1.1 
for the low frequency noise component and in Section 5.2. 1.2 for the high frequency noise 
component. 

5.2. 1.1 Merged Region Mixing Noise 

The merged region characteristic velocity and temperature were defined using the procedure 
described in Section 5.1.4. The merged region characteristic velocity and temperature were 
defined for a limited set of nozzle operating conditions, as described in Section 5.1 .4. The 
merged region characteristic velocity and temperature were found to vary with nozzle oper- 
ating condition in a manner similar to the mass flow averaged velocity and temperature, but 
the absolute levels of the merged region characteristic parameters were lower than the mass 
averaged parameters by a factor of 0.86. In addition, the merged region parameters were 
a stronger function of primary to fan stream temperature ratio and fan to primary stream 
area ratio than were the mixed flow parameters. The resulting expressions for the merged 
region velocity and temperature are 



Eq. (5-6) 
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Figure 5.2-3 Angle and Distance Corrections for the Initial Region 
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Figure 5.2-4 Angle and Distance Corrections for the Merged Region 
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and 



Eq. (5-7) 


where Vf and Ttf are the ideally expanded fan velocity and total temperature, respectively, 
Vp and Ttp are the ideally expanded primary velocity and total temperature, respectively, 
Vm and Tm are the characteristic velocity and temperature for the merged region, respectively, 
and a is the fan to primary area ratio. If the exponent of the area ratio was 1.0 and the two 
nozzles have equal exit pressures, then the merged region velocity and temperature would 
be a factor of 0.86 lower than the mass averaged velocity and temperature. 


For each nozzle geometry, the low frequency spectrum peak, LFSPL, was corrected for 
temperature by the expression 


LFSPLcorr 


LFSPL + 10 w log 


Ttm 

t7 


Eq. (5-8) 


and LFSPLcorr was plotted versus log Vm/ca as described in Section 5.2.1. Figure 5.2-5 
contains a plot of LFSPL CO n, versus log Vm/ca, for data obtained from References 7 and 8, 
at a measurement angle of 0m = 143, (0 = 1 50) degrees measured with respect to the upstream 
jet axis. The angle 0m is that measured with respect to the merged region source location 
while 0 is that measured with respect to the nozzle exit plane for a radius of 4.57 m (15 ft). 
The data collapse obtained in Figure 5.2-5 demonstrates that the low frequency data can be 
collapsed to a single line, with respect to operating condition for fixed geometry, using the 
model described in Section 5.1.3. 
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Figure 5.2-5 Normalization of the Low Frequency Mixing Noise Data at 
d m = 143° (6 = 150°) With Respect to Nozzle Operating 

Condition 


Figure 5.2-6 contains a plot of LFSPLcorr versus Vm/ca at an angle of 0 m = 79 (8 = 90) 
degrees. The data collapsed to two lines, one corresponding to fan to primary velocity ratios 
of less than 2.0 and the other corresponding to velocity ratios greater than 2.0. This suggests 
that data trends are not uniform at all angles since the parameters defined in Equations (5-6) 
and (5-7) did collapse the data at 0m = 143 (0 = 1 50) degrees. These different results do not 
appear to be a result of the normalization parameters defined in Equations (5-6) and (5-7) 
but a fundamental data trend. The origin of this effect is uncertain but may be due to non- 
isotropic radiation by the quadrupole sources in the fan stream shear layer or complex 
refraction effects due to the developing velocity and temperature gradients in the flow. To 
remove the disparity between the high velocity ratio data and the low velocity ratio data, the 
parameters in Equations (5-6) and (5-7) were modified to 


m 


= a V„ 



Eq. (5-9) 


1 + a 12 
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and 


Tt m ~ a Ttp 


1 + a 1-2 


— ra* 

T tp V % 



Eq. (5-1 U) 
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Figure 5.2-6 Normalization of the Low Frequency Mixing Noise Data at 
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where oc is defined by: 


51° <0 m <8O° a 


80° < 0 m < 1 20° a 


1 20° < Q m a 


1 0.86 if v < 1.8 

0.23 + 0.35 v if 
0.93 if v > 2.0 

0.86 if v< 1.8 

0.23 +0.35 v if 
1 .0 if v > 2.2 

i 

= 0.86 


.8 < v < 2.0 


.8 < v < 2.2 


Eq. (5-11) 


where v is the fan to primary velocity ratio. At angles of 0m = 1 21 (6 = 1 30) degrees to 
0m = 155 (0 = 160) degrees the parameters in Equations (5-9) and (5-10) reduce to those in 
Equations (5-6) and (5-7). The correlation of LFSPL CO rr versus log Vm/ca at 0m = 79 
(0 = 90) degrees is illustrated in Figure 5.2-7 for the revised parameters defined in Equations 
(5-9) and (5-10). Figure 5.2-7 demonstrates that the high and low velocity ratio data can be 
collapsed to a single line. 

LFSPLcorr can be normalized with respect to nozzle geometry by the expression 

LFSPL nor = LFSPLcorr- 10 log At/rm 2 , Eq. (5-12) 

where At is the total nozzle area, rm is the measurement radius from the merged region 
source location, and LFSPLnor is the completely normalized low frequency noise compo- 
nent. Implicit in Equation (5-12) is the assumption that the low frequency mixing noise can 
be scaled to any engine size by the correction 10 log At/rm 2 . There appears to be no addi- 
tional dependence of the low frequency noise component on fan or primary stream radius 
ratio. LFSP nor is plotted versus log V m /c a for angles of 0 m = 51 (0=60), 0 m = 79 (0 = 90), 
0m = 109 (0 = 120) and 0m = 143 (0 = 150) degrees in Figures 5.2-8 through 5.2-1 1. 
Additional correlations are contained in the Comprehensive Data Report (Reference 19). 
Included in all figures are data from References 7 and 8 and the present program. The data 
from References 1 1 and 1 2, corrected by 2.0 dB as discussed in Section 5.1 .1 , are also in- 
cluded in Figures 5.2-9 and 5.2-1 1. The data from References 1 1 and 12 were obtained at 
different angles 0m than those in References 7 and 8 and the present program. The data 
from References 1 1 and 12 were interpolated to the angle 0 m appropriate for the data in 
References 7 and 8. The standard deviation of the data collapse associated with each angle is 
indicated on each figure. The data collapse demonstrates that Equation (5-12) provides 
normalization of the low frequency IVP coannular jet noise component with respect to 
nozzle geometry and operating condition. The standard deviation of this normalization 
varies between ±1.0 dB and ±1.5 dB. 
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Figure 5. 2-7 Normalization of the Low Frequency Mixing Noise Data at 
0 m = 79° (d = 90°) With Respect to Nozzle Operating 
Condition Using the Revised Parameters 
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Figure 5.2-8 Normalization of the Low Frequency Noise Component at 
d m “ 51° (6 ~ 60°) With Respect to Nozzle Operating 
Condition and Geometry 
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Figure 5. 2-9 Normalization of Low Frequency Data at 0 m = 79° (6 = 90°) 
With Respect to Nozzle Operating Condition and Geometry 
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Figure 5.2-10 Normalization of the Low Frequency Mixing Noise Component at 
6 m = 109° (6 - 120°) With Respect to Nozzle Operating Condition 
and Geometry 
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Figure 5.2-11 Normalization of Low Frequency Data at Q m = 143 ° (Q = 150°) With 
With Respect to Nozzle Operating Condition and Geometry 

Figures 5.2-9 and 5.2-11 also contain LFSPL nof levels for a single stream convergent nozzle 
data from References 7 and 8. For a convergent nozzle, the fan to primary velocity ratio 
and temperature ratio are 1.0, and Equations (5-9) and (5-10) reduce to 

Vm = 0.86 Vf, 


and 


Eq. (5-13) 


Tt m - 0.86 Ttf . 

That is, the peak low frequency noise generating region for a convergent nozzle is near the 
end of the potential core of the jet where the characteristic velocity and temperature is 
0.86 of the initial exit plane values. The data from Reference 25 show that these character- 
istic values are obtained approximately five diameters downstream from the nozzle exit plane. 

Figure 5.2-1 2 contains a set of summary curves for the normalized mixing noise component, 
LFSPLnor, as a function of log Vm/ca for angles from 0m = 51 degrees to 0m = 155 degrees, 
measured with respect to the upstream jet axis. 
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Figure 5.2-12 Normalized Prediction Curves for The Low Frequency Mixing Noise Component 

The characteristic frequency of noise generated by the merged region, defined as LF, was 
normalized by the expression 


(LF) D t 



where Eq. (5-14) 

D t = 2 y A t /rr, 


and Sm is the low frequency noise component Strouhal number, Dt is a diameter calculated 
from the total nozzle area, and Vm is the merged velocity. The Strouhal number was 0.2 
at an angle of 0m = 143 degrees and increased to 0.65 at 0m = 79 degrees, as illustrated in 
Figure 5.2-13. This is similar to the behavior observed for the Strouhal number of a con- 
vergent nozzle. The data collapse in Figure 5.2-13 demonstrates that Equation (5-14) pro- 
vides a frequency normalization to within ±1/3 octave band. Figure 5.2-14 contains the 
normalized low frequency spectra for angles of 0m = 5 1 degrees through 0m = 155 degrees. 
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Figure 5.2-13 Definition of the Low Frequency Mixing Noise Component Strouhal 

Number 



Figure 5. 2-1 4 Normalized Spectral Shapes for the Low Frequency Mixing Noise 

Component 


The curves in Figures 5.2-12 and 5.2-14 are defined with respect to the angle 0 m , measured 
with respect to the merged region source location. If predictions are desired at a given angle 
0, measured with respect to the nozzle exit plane, the following procedure should be 
followed: (1) determine the angle 0 m corresponding to 0 using Equation (54), (2) inter- 
polate the spectra in Figure 5.2-14 and the levels in Figure 5.2-12 to the angle 0m, and 
(3) calculate the low frequency noise component at 0 m , r m (corresponding to 0, r) using 
Equations (5-8) and (5-12). This noise component is then added to the other noise compo- 
nents calculated at (0, r). 

Figures 5.2-12 through 5.2-14, along with Equations (5-4) and (5-8) through (5-12), can be 
used to predict the low frequency noise component. The ideally expanded fan and primary 
stream conditions can be used to calculate Vm and Tm- These values, along with the ambient 
air conditions, can be used to calculate the absolute noise level. LFSPL, from Equations (5-8) 
and (5-12), and Figure 5.2-12. Figure 5.2-13 and Figure 5.2-14 can be used to obtain the 
correct frequency, LF, and spectral shape for the low frequency noise component. A sample 
prediction is contained in Section 5.5. 

5.2. 1.2 Initial Region Mixing Noise 

The initial region characteristic velocity and temperature were defined using the procedure 
described in Section 5.1.4. The results are 


Eq. (5-15) 


Eq. (5-16) 


The initial region characteristic parameters are approximately the same as the fan stream 
ideally expanded operating conditions. Generally, the ratios of Vi/Vf and Ttj/Ttf are greater 
than 0.90. Use of the fan stream exit plane conditions, however, do not provide good 
data collapse of the high frequency mixing noise component, and use of the expressions in 
Equations (5-1 5) and (5-16) is required. 
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For a single nozzle geometry, the high frequency spectrum peak, HFSPL, was corrected for 
temperature by the expression 

HFSPLcorr = HFSPL + 1 0 oj log (T t j/T a ), Eq. (5-1 7) 

where co is a function of Vj/ca. and HFSPLcorr was plotted versus log Vj/ca. Figures 5.2-1 5 
and 5.2-16 contain plots of HFSPLcorr for data obtained from References 7 and 8 at angles 
of 90 and 1 50 degrees; as discussed in Section 5.2. 1 , acoustic data generated by the initial 
region were not corrected for source location. All data in these two Figures were obtained 
for a 0.75 area ratio nozzle operated over a wide range of operating conditions. The data at 
150 degrees, shown in Figure 5.2-16, collapsed along a line which shows a change in slope 
near log Vj/ca = 0.2. As velocity is increased, jet mixing noise must approach an asymptotic 
V 3 behavior, where V is a characteristic flow velocity, because of the constraint that acoustic 
energy cannot be larger than the kinetic energy of the flow. This change in slope at large 
jet velocities has also been observed for convergent nozzles. The data collapse obtained 
in Figures 5.2-15 and 5.2-16 demonstrates that the high frequency noise component can 
be normalized with respect to nozzle operating condition using the model described in 
Section 5.1.3. 

The high frequency noise component was predicted to be a function of fan nozzle area, fan 
stream radius ratio, and primary stream radius ratio. The high frequency noise component 
was normalized with respect to nozzle geometry by plotting the quantity HFSPLcorr - 10 log 
Af/r 2 , where Af is the fan stream area and r is the measurement radius from the nozzle 
exit plane, versus fan stream radius ratio, Rf, for various primary stream radius ratios, Rp, 
at fixed log Vi/ca- A typical result, obtained at 150 degrees, is illustrated in Figure 5.2-17. 

As either Rf or Rp was increased, the high frequency noise component was reduced, and the 
amount of reduction was a function of the parameter log Vi/ca. Additional curves of this 
type are contained in the Comprehensive Data Report (Reference 19). 

Another parameter that could affect the high frequency noise component is the ratio H/L 
where H is the annulus height and L is the primary nozzle — fan nozzle separation distance. 
The high frequency noise component was also plotted versus this parameter, and a sample 
result is illustrated in Figure 5.2-18. This figure demonstrates that the ratio H/L was not a 
good correlation parameter for the high frequency noise component. The data do not col- 
lapse to a single line. Consequently, the ratio H/L was not used in the analysis of the high 
frequency noise component. 

The normalized high frequency noise component, HFSPLnor, was defined as 


HFSPLnor = HFSPLcorr - 10 log Af/r 2 + ASPL (Rf, Rp, log Vj/c a ), 

Eq. (5-18) 

where the function ASPL was determined empirically from correlations such as those con- 
tained in Figure 5.2-1 7. Implicit in Equation (5-1 8) is the assumption that the high frequency 
mixing noise can be scaled to any engine size by the correction 10 log Af/r 2 . The function 
ASPL is summarized in Table 5.2-1. 
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Figure 5.2-15 Normalization of the High Frequency Mixing Noise Component at 90° 
With Respect to Nozzle Operating Condition 



Figure 5.2-16 Normalization of the High Frequency Mixing Noise Component at 
150° With Respect to Nozzle Operating Condition 
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5.2-17 Definition of ASPL as a Function of Fan Stream Radius Ratio 
and Primary Stream Radius Ratio 



FAN STREAM RATIO ~ L/H 


Figure 5.2-18 Definition of ASPL as a Function of Fan Stream Ratio L/H 
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TABLE 5.2-1 


SUMMARY OF THE FUNCTION ASPL 
FOR THE INITIAL REGION MIXING NOISE 


0 (Deg.) 

60 <0 <75 

75 <0 <95 

95 < 0 < 115 

115<0< 135 

135 < 0 < 160 


ASPL ~ dB 


Vj 


-(222.2 log — 95. 1) (R f — 0.69) 


V; 


-(99.7 log 44.9) (R f - 0.69) 


V ; 


-(94.4 log — - 35.9) (R f - 0.69) 


V; 


V; 


-(151.8 log — - 57.7) (Rf- 0.69) -(16.7 log 6.3)R p 


Vi V , 

-(131.1 log — - 49.8) (R f - 0.69) -(12.3 log 4.7)R p 


The normalized high frequency noise component, HFSPL n0 r, was plotted versus log Vi/c a 
for angles of 70, 90, 110, 130, and 150 degrees in Figures 5.2-19 through 5.2-23. Additional 
figures are contained in the Comprehensive Data Report (Reference 19). Included in Figures 

5.2- 20, 5.2-22, and 5.2-23 are data from References 1 1 and 12 (corrected by 2.0 dB as 
discussed in Section 5.1.1), References 7 and 8, and the present program. Figure 5.2-19 and 

5.2- 21 contain data only from the present program. The standard deviations associated with 
each angle are indicated in each figure. The data collapse in these figures demonstrates that 
Equations (5-1 5) through (5-18) provide a normalization of the high frequency noise com- 
ponent with respect to nozzle geometry and operating condition. The standard deviation of 
this normalization varies between ±1.5 dB and ±2.4 dB. 

Figure 5.2-24 contains a set of summary curves for the normalized high frequency noise 
component, HFSPL n0 r, as a function of log Vi/c a for angles from 60 to 160 degrees. 
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Figure 5.2-19 Normalization of the High Frequency Mixing Noise Component 

at 6=70° With Respect to Nozzle Operating Condition and Geometry 



INITIAL REGION PARAMETER ~LOG 10 Vj/ca 


Figure 5.2-20 Normalization of the High Frequency Mixing Noise Component 
at 6 = 90° With Respect to Nozzle Operating Condition and 


Geometry 


114 





Figure 5.2-21 Normalization of the High Frequency Mixing Noise Component 
at 9 = 110° With Respect to Nozzle Operating Condition and 

Geometry 



Figure 5.2-22 Definition of the High Frequency Mixing Noise Component 
at 9 = 130° With Respect to Nozzle Operating Condition 
and Geometry 
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Figure 5.2-23 Definition of the High Frequency Mixing Noise Component 
at d - 150° With Respect to Nozzle Operating Condition 
and Geometry 
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Figure 5. 2-24 Normalized High Frequency Mixing Noise Component Prediction Curves 
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The spectra for HFSPL no r were normalized with respect to operating condition by the 
definition of a Strouhal number, Si, based on the initial region characteristic parameter. 
The Strouhal number was defined as 


(HF) H 

Sj = — > Eq. (5-19) 


where HF is the characteristic frequency, and H is the annulus height of the fan stream. 

The Strouhal number was found to be a weak function of operating condition as illustrated 
in Figure 5.2-25. The frequency of the initial region noise is predicted by Equation (5-19) to 
within ±one 1/3 octave band. The high frequency noise component spectral shapes are 
summarized in Figure 5.2-26. 

Figures 5.2-24, 5.2-25 and 5.2-26, along with Equations (5-15) through (5-18), can be used 
to predict the high frequency noise component for an IVP coannular nozzle. The ideally 
expanded fan and primary stream conditions can be used to calculate the characteristic 
parameters Vj and T^j. These values, along with the ambient air conditions, can be used 
to calculate the absolute noise level HFSPL, from Equations (5-17) and (5-18), and Figures 

5.2- 25 and 5.2-26 can be used to define the spectral shape and frequency HF of the high 
frequency noise component. A sample prediction is contained in Section 5.5. 

5.2.2 Development of Shock Noise Data Correlations 

The shock noise model described in Section 5.1.3 was used to develop data correlation 
parameters for shock noise generated by either a supersonic fan stream or supersonic pri- 
mary stream. The fan stream shock noise parameters are discussed in Section 5.2.2. 1 and the 
primary stream shock noise parameters are described in Section 5.2. 2.2. 

5.2.2. 1 Development of Fan Stream Shock Noise Data Correlations 

For a supersonic fan stream, the coannular nozzle shock noise was correlated with the 
function of the shock noise parameters based on the fan stream conditions. That is, shock 
noise was a function of Af/r 2 and v Mi 2 — 1, where Mj is a Mach number calculated from 
the initial region parameters Vj and T^. The Mach number was obtained from perfect gas, 
isentropic compressible flow tables (see Reference 28, for example) using the initial region 
velocity, Vj, and temperature, Tj.. For example, an ideally expanded velocity of 786 m/sec 
(2580 ft/sec) and temperature ofl089°K (1 960° R) correspond to a Mach number of 1 .405. 
For a fixed primary pressure ratio (1.53), fan stream temperature (1089°K (1960°R)), 
primary stream temperature (700°K (1260° R)), and o bservation angle (60 degrees), the 
shock noise levels were plotted versus log jQ\/Mj 2 - 1 in Figure 5.2-27. The data in Figure 

5.2- 27 were obtained from References 7 and 8. The data collapsed to a straight line of slope 
4.0, indicating that the shock noise correlation parameter V Mj 2 — 1 provides a first 
approximation to the correlation parameter for a coannular nozzled. 
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Figure 5.2-25 Definition of the High Frequency Mixing Noise Component Strouhal 
Number with Angle and Initial Region Velocity Parameter 



Figure 5.2-26 Definition of the High Frequency Mixing Noise Component Spectral 

Shapes 
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Figure 5.2-27 Correlation of Fan Stream Shock Noise Data with the Theoretical Shock 
Noise Parameter 


While the correlation illustrated in Figure 5.2-27 collapsed shock noise data for fixed pri- 
mary pressure ratio, fan temperature, and observation angle, IVP coannular nozzle shock 
noise in general is also a function of these three variables. Figures 5.2-28 and 5.2-29 illus- 
trate the effect on fan stream shock noise of changes in primary pressure ratio and fan 
temperature. As primary pressure ratio or the fan temperature increased, with primary 
temperature held constant, the fan stream shock noise decreased. This demonstrates that 
the shock noise structure is a function of these two variables. Empirical correlations were 
developed to normalize shock noise with respect to fan temperature and primary pressure 
ratio. These corrections weie established using data from References 7 and 8 and are illus- 
trated in Figures 5.2-30 and 5.2-31. In Figure 5.2-30, shock noise data are plotted versus the 
fan temperature for two fan pressure ratios. The data trends are the same for both fan 
pressure ratios, and therefore the effect of fan temperature is independent of fan pressure 
ratio. In Figure 5.2-31, shock noise data are plotted versus primary pressure ratio. Included 
in Figure 5.2-31 are data from References 7 and 8, Reference 6, and the present program. 
Although the data are limited, shock noise levels are consistently reduced with increased 
primary pressure ratio. 
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Figure 5.2-28 Definition of the Effect of PNPR on Fan Stream Shock Noise 



Figure 5.2-29 Example of the Effect of Fan Temperature on Fan Stream Shock Noise 
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FAN STREAM TEMPERATURE ~ T p 

Figure 5.2-30 Correlation of FSNSPL at 60° with Fan Temperature 


Q FAN PRESSURE RATIO = 3.2, 6 = 70°, T t p - 700° K (1260°R), REF. 7, 8 
^ FAN PRESSURE RATIO = 3.04, 6 = 90°, T tp = 589°K (1060°R), REF. 6 
V FAN PRESSURE RATIO = 2.5, 6 = 70 o ,T tf - 1089°K (1960°R), PRESENT PROGRAM 



PRIMARY PRESSURE RATIO ~ PNPR 

Figure 5.2-31 Correlation of Fan Stream Shock Noise SPL with Primary 
Primary Ratio 
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The data in Reference 6 consisted of a series of coannular nozzle acoustic tests. In addition 
to acoustic data, shadowgraphs of the flow shock structure were also obtained for selected 
operating conditions. Most of the acoustic data analysis was conducted on a power level or 
overall power level basis. Consequently, the conclusions in this study cannot directly be 
applied to the current investigation in which the characteristics of IVP coannular mixing 
noise and shock noise were investigated separately and on an SPL basis. Since the power 
level of the total spectrum can be dominated by the shock noise component at some oper- 
ating conditions and by the mixing noise component at other operating conditions.conclu- 
sions about the behavior of shock noise based on analysis of the power spectrum alone 
can be misleading. As indicated in Figure 5.2-31, however, the data from Reference 6 
are consistent with the results of the present investigation. It should be emphasized that 
only limited data could be compared between Reference 6 and the present program be- 
cause the test matrices for the two programs did not overlap extensively. Data from Refer- 
ence 6 were not available over a large enough range of fan temperatures to be included in 
Figure 5.2-30. 

The shock noise component from the fan stream at 90 degrees can be normalized with 
respect to nozzle operating condition by the expression 

FSNSPLnor = FSNSPL - 10 log Af/r 2 + ASPL (PNPR) + ASPL (T tf /T a ) 

Eq. (5-20) 

where the Fan Shock Noise Sound Pressure Level is denoted FSNSPL, the normalized Fan 
Shock Noise Sound Pressure Level is denoted FSNSPLnor, ASPL (PNPR) is the correction 
for primary pressure ratio obtained from Figure 5.2-31, and ASPL (Ttf/Ta) is the correction 
for fan temperature obtained from Figure 5.2-30. 

The necessity of relying on empirical corrections for primary pressure ratio and fan tempera- 
ture introduces an uncertainty when predictions are made for parameters not included in 
the data base; that is, for primary pressure ratios less than 1 .53 or greater than 2.5 and for 
fan temperatures greater than 1 089°K (1960°R). Experimental evidence was not available 
to verify the procedure outside this range. The data that would be required to extend the 
Harper-Bourne and Fisher theory to IVP coannular nozzles include: (1) data on the change 
in shock structure with fan and primary temperatures and pressure ratios, (2) data on the 
shock strength as a function of fan and primary temperatures and pressure ratios, and 
(3) data on the turbulence properties of eddies convected through the shock structure. 
Extrapolations to fan temperatures and primary pressure ratios outside of the data base can 
be made using the formulas in Table 5.2-II, which were developed from Figures 5.2-30 and 
5.2-31. A discussion of the accuracy of the extrapolations is contained in Section 5.4. 

Shock noise data from References 7, 8, 9, and 10 and the present program, normalized by 

Equation (5-20), are correlated versus log VMj 2 - 1 in Figure 5.2-32. The data from Refer- 
ences 1 1 and 12 were corrected by 2.0 dB, as discussed in Section 5.1.1. The data collapsed 
to a straight line with a standard deviation of ±2.0 dB. 
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TABLE 5.2-11 


DEFINITION OF FAN SHOCK NOISE NORMALIZATION FACTORS 

PNPR 

ASPL(PNPR) = 60. 2 log (-qj-) dB 
ASPL (Ttf/Ta) = 1 2. 5 log (Ttf/T a ) dB 



Figure 5.2-32 Definition of the Normalized Fan Stream Shock Noise Component 
Peak SPL at 90° 

The shock noise from IVP coannular nozzles appeared to have a distinct directivity pattern 
as opposed to the shock noise from single stream convergent nozzles which tends to be 
omnidirectional. Figure 5.2-33 contains shock noise correlations for several different angles 
using data from References 7 and 8. The data in Figure 5.2-33 were used to define the 
directivity curve in Figure 5.2-34. Shock noise levels in Figure 5.2-34 are referenced with 
respect to those levels at 90 degrees. 
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NORMALIZED FAN STREAM SHOCK NOISE SPL 



Figure 5.2-33 Comparison of the Normalized Fan Stream Shock 
Noise Component Peak SPL at 60°, 80°, and 1 05° 



Figure 5. 2-34 Directivity Factor for Fan Stream Shock Noise 
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A Strouhal number for the fan stream shock noise, Sisn, was defined using the expression 
from Section 5.1.3, as 


Sisn 


FSNF {(1 + M q costf) 2 +(0.19M Ci ) 2 } 1/2 L sf 


Eq. (5-21) 


where Lsf is defined as 


L S f = 1.1 OH V Mj 2 - 1, 


Eq. (5-22) 


and 


V C j = 0.7 Vi • 


Eq. (5-23) 


The quantity FSNF was used to denote the characteristic Fan Shock Noise Frequency, and 
Mcj is the velocity Vcj divided by the ambient speed of sound. The shock noise Strouhal 
number was determined to be 0.52. As illustrated in Figure 5.2-35, the expression in 
Equation (5-20) can be used to calculate the peak shock noise frequency to within 
±one 1/3 octave frequency band. The normalized shock noise spectral shape is illustrated in 
Figure 5.2-36. 

The shock noise peak level at any angle can be predicted from Equation (5-20), Figure 5.2-32, 
Table 5.2-11, and Figure 5.2-34. The correct peak frequency at each angle is defined in 
Equation (521 ) and the spectrum shape is defined in Figure 5.2-36. A sample prediction 
is contained in Section 5.5. 

5. 2.2.2 Development of Primary Stream Shock Noise Data Correlations 

As the primary pressure ratio was increased, the fan stream shock noise was reduced in 
level, as illustrated in Figure 5.2-28. Along with this decrease in fan stream shock noise was 
an increase in primary stream shock noise. This effect is illustrated in Figure 5.2-37. As the 
primary pressure ratio increased from 1.53 to 2.00, the fan stream shock noise was reduced. 
A further increase in primary pressure ratio to 2.5 caused the primary stream shock noise, 
generated at a lower frequency, to dominate the total noise spectrum. The reduction in 
shock noise frequency as the primary flow becomes supersonic suggests that the shock 
structure, instead of being based on the annulus height of the fan stream, is generated across 
the primary flow. Shadowgraphs from Reference 6 demonstrate that as nozzle operating 
conditions were varied the shock structure also changed. Consequently, for primary pres- 
sure ratios greater than 1 .89, a shock noise component based on the primary stream condi- 
tions was defined. 
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EXPERIMENTAL FAN STREAM SHOCK NOISE FREQUENCY 
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REFERENCES 7,8 
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8.000 12.000 16.000 20,000 

PREDICTED FAN STREAM SHOCK NOISE FREQUENCY ^ HZ 

Figure 5.2-35 Comparison of the Predicted Fan Stream Shock 
Noise Peak Frequency with Experimental Values 
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Figure 5.2-36 Definition of the Fan Stream Shock Noise Spectral 
Shape for All Angles 




ONE THIRD OCTAVE BAND CENTER FREQ. - HZ 

Figure 5. 2-37 Example of Shock Noise Generated by a Supersonic Primary Flow 


The Primary Shock Noise Sound Pressure Level, PSNSPL, was normalized by the expression 

PSNSPLnor = PSNSPL- 10 log Ap/r 2 , Eq. (5-24) 

where PSNSPLnor is the Primary Shock Noise Sound Pressure Level nor malized wi th 
respect to nozzle geometry, and plotted versus the shock noise parameter vMp 2 - 1, 
where Mp is the primary stream Mach number. Figure 5.2-38 contains a plot of the normalized 
shock noise component versus log \/Mp 2 — 1. Data from References 7 and 8 and the 
present program are contained in this figure. The data collapsed to a straight line with a 
standard deviation of ±1.3 dB. The approximate slope of the line is 4.0. 

A Strouhal number for the primary stream shock noise, Spsn, was defined as 

PSNF {(1 +M Cp cos0) 2 +(0.19M Cp ) 2 } ' /2 L Sp 

Spsn = , Eq. (5-25) 

V cp 
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Figure 5.2-38 Correlation of the Normalized Primary Stream Shock Noise 
Levels with the Theoretical Shock Noise Parameter 


where 


and 


= 1.1 D p ^M cp 2 _ 

^Ap lit , 


D p = 2 


V r „ = 0.7 V n . 


Eq. (5-26) 


Eq. (5-27) 


The quantity PSNF was used to denote the characteristic Primary Shock Noise Frequency, 
and Mcp is the velocity Vcp divided by the ambient speed of sound. The shock noise Strouhal 
number was determined to be 0.91. As illustrated in Figure 5.2-39, the expression in Equa- 
tion (5-24) can be used to calculate the peak shock noise frequency to within ± one 1/3 
octave band. The spectrum shape and directivity for the primary stream shock noise are 
summarized in Figures 5.2-40 and 5.2-41. 

The IVP coannular nozzle shock noise generated by the primary stream can be calculated 
from Equations (5-24), (5-25), and (5-26) and Figures 5.2-38, 5.2-40 and 5.2-41. A sample 
prediction is contained in Section 5.5. 
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Figure 5.2-39 



Comparison of the Predicted Primary Stream Shock Noise Peak 
Frequency with Experimental Values 



fL 111 +Mc p cos e ) 2 + l.19Mc p ) 2 ) Vl 


Figure 5.2-40 Definition of the Primary Stream Shock Noise 
Spectral Shape for All Angles 




12 


8 



-121 I I I I I i 1 

40 60 80 100 120 140 160 180 

MEASUREMENT ANGLE ~0 


Figure 5.2-41 Directivity Factor for Primary Stream Shock Noise 

5.3 FLIGHT JET EXHAUST NOISE PREDICTION PROCEDURE 

The effect of flight on IVP jet exhaust noise was simulated in the United Technologies 
Research Center free jet wind tunnel (Reference 29) as reported in References 9 and 10. 
Simulated forward flight data were obtained for the 0.75 and 1.2 area ratio nozzles for a 
limited set of nozzle operating conditions. The simulated forward flight data were decom- 
posed into four noise components in the same manner as described in Section 5.1-2. The 
effect of flight was then determined for each noise component. The following topics are 
discussed in Section 5.3: general background, definition of the effect of flight on mixing 
noise and definition of the effect of flight on shock noise. 

5.3.1 General Background 

A free jet wind tunnel was used to simulate the effect of flight on jet noise in References 9 
and 10. The free jet wind tunnel is illustrated in Figure 5.3-1. Data were obtained in Refer- 
ences 9 and 10 for an inverted velocity profile coannular nozzle placed in a free jet wind 
tunnel which simulated flight velocities from 0 to 129.5 m/sec (425 ft/sec). In References 
9 and 10 two corrections were applied to the measured data to account for the wind tunnel 
shear layer refraction and the convection of sound by the wind tunnel flow. The shear 
layer refraction correction accounts for sound wave refraction by the wind tunnel shear 
layer. This correction is discussed in detail in Reference 20. Data corrected in this manner 
represent data measured in a frame of reference fixed with respect to the coannular nozzle 
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in an infinite air stream. Data obtained in this frame of reference correspond to data obtained 
by microphones moving with an aircraft. In this frame of reference, the air stream that 
extends to infinity convects the sound wave as it propagates from the source. The second 
correction applied to the data removes this convection of sound by the transformation 

sin 0 e 

tan0 = , Eq. (5-28) 

cos 0 e - Mo 


where 0e is the angle, measured with respect to the upstream jet axis, corresponding to the 
retarded angle of noise emission. The transformation in Equation (5-28) associates data at 
an angle 0 with a retarded noise emission angle, 0e. 



Figure 5.3-1 Free Jet Wind Tunnel Facility Used to Simulate the Effect of Forward Flight 
on Jet Exhaust Noise 


Free jet wind tunnel simulated forward flight data corrected for the wind tunnel shear layer 
and transformed to the 0e coordinate system correspond to data measured in an aitcraft 
flyover test, except fora Doppler shift in frequency, when the flyover data are referenced 
to the retarded aircraft location. The Doppler shift in frequency is not exactly simulated, 
however, because the relative motion of source and observer is not simulated in a free jet 
wind tunnel. The Doppler shift that must be applied to the data is 


f 


FLIGHT 


* FLIGHT SIM 

1 - M q COS 0 e 


Eq. (5-29) 
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Free jet wind tunnel data corrected for the wind tunnel shear layer and convection and 
Doppler shifted in frequency thus are equivalent to aircraft flyover data with respect to the 
retarded noise emission aircraft location. This equivalence can be expressed as 


SPL 


I LIGHT 


f I LIGHT ^ 


SPL 


I LIGHT SIM ^e’ 


*1 LIGHT SIM 

)• 

1 - M q cos 0 e 


Eq. (5-30) 


5.3.2 Definition of the Effect of Flight on Mixing Noise 

The effect of simulated forward flight on the noise is characterized in terms of a relative 
velocity exponent, n, given by 


n 


SPL $ (0) SPL rUGHT SIM (0 e ) 


10 log 


V j 


V-V 
J O 


Eq. (5-31) 


where SPLs is the SPL generated under static conditions, SPLflightsim is the SPL 
generated at a simulated forward flight velocity of Vo and Vj is the jet velocity. In the 
model developed for the mixing noise produced by the initial region and merged region of 
the flow (see Section 5. 1 ), the noise radiated by each region was defined in terms of the 
noise radiated by a convergent nozzle operated at the characteristic velocity, temperature, 
and area for each region. Therefore, Equation (5-31) was used to define relative velocity 
exponents for both the initial region and merged region using the appropriate initial or 
merged characteristic velocity in place of Vj in Equation (5-31). 

The Doppler shift in frequency between static data and flight data includes the transfor- 
mation between static and simulated flight and between simulated flight and flight data. 

If fc is the frequency of noise generated by a turbulent eddy in its convected frame of 
reference (see Reference 26) 


1(1 +M c cos0) 2 + (0.19M C ) 2 ] % ’ 


and 


f 

1 FLIGHT SIM 


f c 


[(1 + (M c - M q ) cos 0 e ) 2 +(0.19 M c ) 2 — ► (0. 1 9 (M c - M 0 )) 2 
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where M c is the eddy Mach number defined with respect to the ambient speed of sound. 
Then using these expressions and Equation (5-29), 


f, 


1 LIGHT 


I - M Q COS 0 e 


(1 +M c cos 0) 2 +(0.19 M c ) 2 
Ld +(M c -M o )cos0 e ) 2 +(0.19(M C -M 0 )) 2 J 


The expression in square brackets cannot in general be evaluated because M c is not known 
for the complicated flow generated by an inverted velocity profile coannular nozzle. How- 
ever, if Mo < < Me this expression is unity, and 


* 1 LIGHT 


1 

1 - M 0 cos 0 e 


Eq. (5-32) 


If the frequencies are Doppler shifted as indicated in Equation (5-32), SPL levels in flight 
can be calculated from the relation 


SPL i light (0 e } = SPL s {d) ~ 10 lo S 



Eq. (5-33) 


where V is the appropriate velocity for the initial region or merged region. The results of 
the free jet wind tunnel forward flight simulation thus can be used to predict noise levels 
in tlight using Equations (5-32) and (5-33) along with the static prediction procedure. 

The How development of an IVP coannular nozzle is affected by an external How as was 
discussed in Reference 1 5. In Reference 26 it was determined that the potential core of a 

convergent nozzle is lengthened by a factor V 1 + m/(l-m), where m is the ratio of the 
external now velocity divided by the jet velocity. Therefore, as a first approximation, 
the change in source location of the initial and merged regions due to external flow is 


Vl +m m 

— D t- 


and 

V 1 + "'i 

Xj = 1.5 — D,. 

1 - 111 ; 


= 70 
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where m m and m • are defined as 
V„ 


m 


m 


and 


m 


m ; 


V ; 


Unless very high external flow velocities are required, the approximation Xj ^ 1.5 Dt can 
be used for the initial region source location, and therefore, rj * r and 0j * 0. 


5.3.2. 1 Definition of the Effect of Flight on Low Frequency Mixing Noise Component 

The effect of external flow velocity on the low frequency noise component, LFSPLcotr, is 
illustrated in Figures 5.3-2 and 5.3-3. In these figures, the noise component LFSPLcorr 
is plotted versus log [Vm/(Vm — Vo)] for angles of 0m = 80(0 = 90)degrees and 0m = 144 
(0 = 150) degrees, respectively. The angle 0m, measured with respect to the merged region 
source location, was calculated from Equation (5-5) using an average value of 0.24 for mm 
in Equation (5-34). The free jet velocity, Vo, was varied between static conditions and 
129.5 m/sec (425 ft/sec). The data collapse demonstrates that the effect can be correlated 
on the basis of the relative velocity parameter log [Vm/(Vm - Vo)] . The standard deviations 
associated with each angle are contained in Figure 5.3-1 and 5.3-2; in both figures the 
standard deviation is ±0.8 dB. 

The flight exponents are actually a weak function of frequency as can be observed in 
Reference 30 in which high frequency noise reductions are slightly less than low frequency 
reductions. Since exponents were calculated only for the spectral peaks of the initial region 
and merged region mixing noise components, a small error is introduced at other frequencies. 
As evidenced by the comparisons between predictions and data discussed in Section 5.6, 
these errors are small. 


It should be noted that the angle 0 corresponds to the angle 0m, measured with respect to 
the merged region source location, as discussed in Section 5.2.1. Therefore, 0m should be 
used in Equation (5-28) to calculate a retarded angle 0e m which in general, will be different 
than the angle 0e corresponding to 0. In general, the static prediction must be iterated to an 
angle 0m which, when transformed using Equation (5-28), yields an angle 0em that is the 
same as 0e. 

A summary of the relative velocity exponents for the merged region velocity noise com- 
ponent, defined as nm. is contained in Figure 5.3-4. The flight correction for the parameter 
LFSPL is then defined as 


lfspl ] LIGHT (0 e ) 


LFSPL s (0) - 10 log 



m 


Eq. (5-35) 
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Figure 5. 3-3 Correlation of the Low Frequency Mixing Noise Component at 0, n = I 
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Figure 5. 3-4 Definition of the Relative Velocity Exponent for the Low Frequency 
Mixing Noise Component 


5.3.2.2 Definition of the Effect of Flight on the High Frequency Mixing Noise Component 

The effect of external flow velocity on the high frequency noise component, HFSPL cofr , is 
illustrated in Figures 5.3-5 and 5.3-6. In Figures 5.3-5 and 5.3-6 the noise component 
HFSPLcorr is plotted versus log T Vi/(Vj - Vo)] for angles of 90 and 1 50 degrees. The data 
collapse indicates that the effect of flight can be correlated on the basis of the relative velocity 
parameter log Vi/(Vi - V 0 ). The standard deviations associated with each angle are contained 
in Figures 5.3-5 and 5.3-6; at 90 degrees the standard deviation is ±2.0 dB and at 1 50 degrees 
the standard deviation is ±2.7 dB. The larger standard deviation for the initial region data 
collapse may be a result of the change in source location as wind tunnel velocity is increased. 
Since source location changes as wind tunnel velocity increases, the angle 0j also changes. 

In the analysis of the data it was assumed that 0j 0, and as a result this assumption may 
introduce an error at high wind tunnel velocities. 

A summary of the relative velocity exponents for the initial region velocity noise compo- 
nent, defined as ni, is contained in Figure 5.3-7. The flight correction for the parameter 
HFSPLcorr is then defined as 

n i 

( Vi \ 

HFSPL fl1ght (0 e )= HFSPL s (0)- 10 log ( j . Eq. (5-36) 

' V i - V o / 
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Figure 5. 3-5 


Figure 5.3-6 
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Figure 5.3-7 Definition of the Relative Velocity Exponents for the High Frequency 
Mixing Noise Component 

A comparison of the initial region and merged region exponents in Figures 5.3-4 and 5.3-7 
shows that the initial region exponents are larger than the merged region exponents at 
1 50 degrees and approach the merged region exponents at 90 degrees. This behavior is 
consistent with the change of jet velocity observed in Reference 30 in the exponents of a 
convergent nozzle. As described in Reference 30, as the jet velocity of a convergent nozzle 
increased, the relative velocity exponent also increased, Since, on the average, the initial 
region velocities are higher than the merged region velocities, it would be expected on the 
basis of the data in Reference 30 that the initial region exponents would be larger than the 
merged region exponents. 

5.3.3 Definition of the Effect of Flight on the Shock Noise Component 

If shock noise is generated by a stationary source, the convective amplification factor for 
it should be of the form (1 - M 0 cos 0) ox P° ncnt (Reference 31), where M 0 is the flight 

Mach number calculated with respect to the ambient speed of sound. Convective amplifi- 
cation is a factor arising from the relative motion of the source, medium, and observer, and 

the exponent is a function of the multipole character of the sources (Reference 31 , for ex- 
ample). Figure 5.3-8 contains a plot of the shock noise level in the free jet wind tunnel 
measured with respect to the static noise levels, versus log ( 1 - M Q cos 6). The data collapse 
to a line with a standard deviation of ±0.6 dB. The slope of the line, 4.0, is the exponent. 
Then, the shock noise lever in flight can be calculated from the relation 

SNSPL ,.. UGHT (0 e ) = SNSPL $ (0 ) - 1 0 log ( 1 - M q cos 0 e ) 40 . Eq. (5-37) 

This expression applies to shock noise generated by either a supersonic fan stream or a 
supersonic primary stream. 
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Figure 5.3-8 Definition of Shock Noise Convective Amplification Factor 


5.4 SUMMARY OF ACOUSTIC PREDICTION PROCEDURE 

The equations and figures required to predict the SPL spectra produced by an inverted 
velocity profile coannular jet are summarized in this section. The following topics are 
discussed: the general approach to the prediction procedure, summary of the static pre- 
diction procedure, and summary of the flight prediction procedure. 

5.4.1 General Approach 

Figure 5.4-1 summarizes the use of the prediction procedure. The input variables required 
for use of the prediction procedure are Af, Rf, Rp, H, a, At, r, 0, Vf, Vp, Ttf, Ttp, PNPR, 

7 , FNPR. T a , c a , and V 0 . All quantities are defined in the nomenclature section in this 
report. From these inputs, the high frequency mixing noise, low frequency mixing noise, fan 
stream shock noise, and primary stream shock noise components are then calculated at the 
position defined by the coordinates (r, 0). The total noise spectrum at (r, 0) is the logarith- 
mic sum of the four independent noise components. 
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Figure 5.4-1 Flow Chart for the Inverted Velocity Profile Empirical Jet Engine Noise 
Prediction Procedure 


5.4.2 Summary of the Static Acoustic Prediction Procedure 
5.4.2. 1 Low Frequency Mixing Noise Components 

The static prediction of the low frequency mixing noise component is summarized in 
Figure 5.4-2. The coordinates (rm, 0m), measured with respect to the merged region source 
location, are first calculated using Equation (5-4) after calculating Dt from At using the 
expression Dt = 2 ‘NAt/ff. Next, the merged region characteristic velocity and temperature, 
Vm and Tt m , are calculated using Equations (5-9), (5-10) and (5-1 1). Using the ambient 
speed of sound, ca, in conjunction with the merged region velocity, Vm, the normalized low 
frequency noise component, LFSPLnor, can be obtained from Figure 5.2-12 at a given angle 
0m- The absolute low frequency noise level, LFSPL, is then determined using co, as deter- 
mined from Figure 5.2-1, At, rm, Tt m , and Ta in Equations (5-8) and (5-12). 
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Figure 5.4-2 Flow Chart for Prediction of the Static Low Frequency Mixing Noise 
Component 


The characteristic low frequency, LF, is then calculated from Equation (5-14) using the 
merged region Strouhal number, Sm, obtained from Figure 5.2-13. 

The low frequency mixing noise component is then obtained by defining the peak level ol 
the low frequency mixing noise component spectrum, obtained from Figure 5.2-14, as 
LFSPL and defining the frequency corresponding to the peak level as LF. 

5.4.2.2 High Frequency Mixing Noise Component 

The static prediction of the high frequency mixing noise component is summarized in 
Figure 5.4-3. First, the initial region characteristic velocity and temperature, Vi and Ttj. are 
calculated using Equations (5-15) and (5-16). Using the ambient speed of sound, Ca, in 
conjunction with the initial region velocity, Vi, the normalized high frequency noise com- 
ponent, HFSPLnor, can be obtained from Figure 5.2-24 at the given angle 6. The absolute 
high frequency noise level, HFSPL, is then determined using to, as defined in Figure 5.2-1, 
Af, r, Ttj, and ASPL (Rf, Rp. Log 10 , Vi/ca) in Equations (5-17) and (5-18). The func- 
tion ASPL is determined from Table 5.2-1 using the inputs Rf and Rp and the quantity 
1 0 log Vj/c a . 
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Figure 5. 4-3 Flow Chart for Prediction of the Static High Frequency Mixing Noise 

Component 

The characteristic high frequency, HF, is then calculated from Equation (5-19) using the 
initial region Strouhal number. Si, obtained from Figure 5.2-25. 

The high frequency mixing noise component is then obtained by defining the peak level 
of the high frequency mixing noise component spectrum, obtained from Figure 5.2-26, as 
HFSPL and defining the frequency corresponding to the peak level as HF. 

5.4.2.3 Fan Stream Shock Noise 

If the fan stream is supersonic (FNPR > 1.89), the fan stream shock noise component is 
calculated as indicated in Figure 5.4-4. First, the Mach number, Mj, is calculated from Vi, 

7 , and Ttj using compressible adiabatic flow gas tables. Then, the normalized shock noise 
level, FSNSPL n 0 r> at 90 degrees is obtained from Figure 5.2-32. The absolute fan stream 

shock noise level, FSNSPL, is then determined using Equation (5-24). The quantities 
PNPR 

ASPL (___) and ASPL (Ttf/T a ) are determined from Table 5.2-II. The absolute fan stream 

shock noise levels at angles other than 90 degrees are obtained by applying the directivity 
correction, obtained from Figure 5.2-34, to the absolute level obtained at 90 degrees. 


142 





Figure 5.4-4 Flow Chart for Prediction of the Static Fan Stream Shock Noise 

Component 


The characteristic fan stream shock noise frequency, FSNF. is calculated from Equations 
(5-21), (5-22), and (5-23) using a fan stream shock noise Strouhal number. Sfsn, of 0.52. 

The fan stream shock noise component is then obtained by defining the peak level of the 
fan stream shock noise component spectrum, obtained from Figure 5.2-36, as FSNSPL and 
defining the frequency corresponding to the peak level as FSNF. 

5.4.2.4 Primary Stream Shock Noise 

If the primary stream is supersonic (FNPR > 1.89), the primary stream shock noise com- 
ponent is calculated as indicated in Figure 5.4-5. First, the Mach number Mp is calculated 
from 7 , Vp and Ttp using compressible adiabatic flow gas tables. Then, the normalized 
shock noise level, PSNSPLnor. at 90 degrees is obtained from Figure 5.2-38. The absolute 
primary stream shock noise level, PSNSPL. is then determined using Equation (5-24). The 
absolute primary stream shock noise levels at angles other than 90 degrees are obtained by 
applying the directivity correction, obtained from Figure 5.2-41, to the absolute level 
obtained at 90 degrees. 
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Figure 5.4-5 Flow Chart for Prediction of the Primary Stream Shock Noise Component 


The characteristic primary stream shock noise frequency, PSNF, is calculated from Equations 
(5-25), (5-26), and (5-27) using a primary stream shock noise Strouhal number, Spsn, 
of 0.91. 

The primary stream shock noise component is then obtained by defining the peak level of 
the primary stream shock noise component spectrum, obtained from Figure 5.2-40, as 
PSNSPL and defining the frequency corresponding to the peak level as PSNF. 

5.4.3 Summary of the Flight Acoustic Prediction Procedure 


In the static prediction, the angle 6 was measured with respect to the nozzle location. In 
a flight prediction, this angle corresponds to the noise measured with respect to the position 
of the aircraft at the retarded source location as discussed in Section 5.3. Consequently, 
flight predictions are referenced with respect to the retarded aircraft location. Equation 
(5-28) can be used to convert predictions in this reference frame to coordinates measured 
with respect to the instantaneous aircraft location. 
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5.4.3. 1 Low Frequency and High Frequency Mixing Noise Components 

The flight prediction of the low frequency and high frequency mixing noise components 
is summarized in Figure 5.4-6. The one-third octave band center frequencies of both noise 
components are Doppler shifted using Equation (5-32). The low frequency mixing noise 
spectrum is corrected using Equation (5-35) with the exponent nm obtained from Figure 
5.3-4. and the high frequency mixing noise spectrum is corrected using Equation (5-36) with 
the exponent nj obtained from Figure 5.3-7. 

5.4.3.2 Fan Stream and Primary Stream Shock Noise Components 

The llight prediction of the fan stream and primary stream shock noise components is 
summarized in Figure 5.4-7. The one-third octave band center frequencies of both noise 
components are Doppler shifted using Equation (5-32). The spectra are corrected using 
Equation (5-37). 



Figure 5. 4-6 Flow Chart for Prediction of Flight Effects on the Mixing Noise Components 
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Figure 5.4-7 Flow Chart for Prediction of the Flight Effects on the Shock Noise Components 


5.5 SAMPLE CALCULATION 


A sample calculation is contained in this section. The following topics are discussed: inputs 
required for the acoustic prediction, prediction of a static jet exhaust noise spectrum, and 
prediction of a flight jet exhaust noise spectrum. 
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5.5.1 Inputs Required for the Acoustic Prediction 


For this example, the required inputs to the acoustic prediction procedure, as defined in 
Section 5.4. 1 . are: 


r 


4.57 m (15 ft) 

0 

= 

90 degrees 

Vf 

= 

860 m/sec (2820 ft/sec) 

v p 

= 

616 m/sec (2020 ft/sec) 

Ttf 

= 

1 089°K ( 1 960° R) 

T tp 

= 

81 1°K (1460°R) 

a 

= 

0.75 

At 

= 

0.0126 m 2 (0.136 ft 2 ) 

Af 

= 

0.0054 m 2 (0.0583 ft 2 ) 

Ap 

=r 

0.0072 m 2 (0.0778 ft 2 ) 

Ta 

- 

279°K (502°R) 

ca 

= 

335 m/sec (1098 ft/sec) 

H 

= 

0.0171 m (0.0562 ft) 

Rf 

= 

0.79 

Rp 

= 

0 

Vo 

= 

91.4 m/sec (300 ft/sec) 


FNPR = 4.1 
PNPR = 2.5 
7 =1.4 


5.5.2 Prediction of the Static Jet Exhaust Noise 
5.5.2. 1 Low Frequency Mixing Noise 

From Equation (5-4). using Dt/r= .028 (Dt = 2 ^At/tf = 0.127 m (0.416 ft)), 

r m = 1 .01 9r. 

anc * 0 m = 79 degrees. 

From Equation (5-1 1), at 0m = 79 degrees, with v = Vf/Vp = 1.40 
a = 0.86. 

From Equation (5-9) and (5-10) using the information from the input data, 

Vm = 609 m/scc (1998 ft/sec), 

3nd T t m = 788° K (1419°R). 

Then using ca = 335 m/sec (1098 ft/sec) from the input data, 
log, 0 Vm/ca = 0.260. 

From Figure 5.2-1 2, 

LFSPL m,r = 1 52.7 dB. 

From Figure 5.2-1 (where the limiting value of u> is 2.0), 
co = 2. 
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Then using Equation (5-12), with At = 0.01 26m 2 (0. 1 36 ft 2 ; rm = 1.019 r; r = 4.57 m ( 1 5 ft)) 
LFSPL C orr = 1 52.7 dB - 32.2 dB, or 
= 1 20.5 dB. 

From Equation (5-8), with cu = 2.0; T tm = 788°K (1419°R); T a = 279° K (502° R); 

LFSPL = 1 20.5 dB -9.0dB, or 
= 111.5 dB. 

From Figure 5.2-13, the Strouhal number at 0 m = 79 degrees is 
Sm = 0.65. 

From Equation (5-14), with Dt = 0.127 m (0.416 ft) and Vm = 609 m/sec (1998 ft/sec), 

LF = 3 1 17 Hz. 

The spectral shape for the low frequency mixing noise component at 0m = 79 degrees can 

be obtained from Figure 5.2-14. Using this spectrum, LFSPL = 1 1 1.5 dB, and LF = 3120 Hz, 

the low frequency noise component was plotted in Figure 5.5-1. 

5.5.2.2 High Frequency Mixing Noise 

From Equations (5-15) and (5-16), using the information from the input data, 

Vj = 834 m/sec (2737 ft/sec), or 

and T ti = 1057°K (1902°R). 

Then using ca = 335 m/sec (1098 ft/sec), 
log 10 Vj/ca = 0.397. 

From Figure 5.2-24, at 0 = 90 degrees, 

HFSPLnor = 158.4 dB. 

From Figure 5.2-1, 

w = 2.0. 


From Table 5.2-1, using Rf = 0.79 and log Vi/ca = 0.397, 

ASPL = 0.5 dB. 

From Equation (5-18), using Af = 0.0054 m 2 (.0583 ft 2 ), 

HFSPLcon = 1 58.4 dB - 35.9 dB - 0.5 dB, or 
= 122.0 dB. 

From Equation (5-17), using to = 2.0, T tj = 1057°K (1902°R), and T a = 279°K (502 6 R), 
HFSPL = 122.0 dB — U.fidB^or 
= 1 10.4 dB. 

From Figure 5.2-25, the Strouhal number at 0 = 90 degrees is 
Si = 0.16. 

Then from Equation (5-19), using H = 0.01 71 m (0.0562 ft) and Vj = 834 m/sec (2737 ft/sec), 
HF = 7803 Hz. 
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The spectral shape for the high frequency mixing noise component at 6 = 90 degrees can be 
obtained from Figure 5.2-26. Using this spectrum, HFSPL = 1 10.4 dB and HF = 7803 Hz, 
the high frequency noise component was plotted in Figure 5.5-1. 

5. 5. 2. 3 Fan Stream Shock Noise 

From Vj = 834 m/sec (2737 ft/sec), Ttj = 1057°K (1902°R) and 7 = 1.4, the Mach number 
in the initial region can be obtained from compressible flow tables as 

Mi = 1.555. 

Then 

log YMi 2 - 1 - .0758 

From Figure 5.2-32, 

FSNSPLnor = 1 57.0 dB. 

From Table 5.2-II, using PNPR - 2.5 and Tf/T a = 3.904 
ASPL(PNPR) - 12.8 dB, and 
ASPL (Tf/Ta) = 7.4 dB. 

Using Equation (5-20) 

FSNSPL = 1 57.0 dB - 35.9 dB - 1 2.8 dB - 7.4 dB, or 
= 100.9 dB. 

Using Equation (5-23) 

V Ci = 584 m/sec (1915 ft/sec). 

Using Equation (5-22), 

Ls f = 0.0223 m (.0735 ft). 

Also 

M C j = Vq/ca. or 
= 1.744. 

Then from Equation (5-21), using S| sn = 0.52, 

FSNF = 12927 Hz. 

The shock noise spectrum is obtained from Figure 5.2-36. Using this spectrum, FSNSPL = 
100.9 dB and FSNF = 1 2927 Hz, the fan stream shock noise component was plotted in 
Figure 5.5-1 . 

5.5. 2.4 Primary Stream Shock Noise 

From V p = 616 m/sec (2020 ft/sec) and Tt p = 81 1°K (1460°R), the primary stream Mach 
numbers can be obtained from compressible flow tables as 
M p = 1.241 
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Then 


log YMp 2 - 1 = -.134 

From Figure 5.2-38, 

PSNSPL nor = 146.0 dB 

Using Equation (5-24). with Ap = 0.0072 m 2 (0.0778 ft 2 ) and r = 4.57 m ( 1 5 ft), 
PSNSPL = 146.0 dB - 34.6 dB, or 
= 111.4 dB 

From Equation (5-27), 

V Cp = 431 m/sec (1414 ft/sec) 

From Equation (5-26), with Dp = 2 ^Ap /ir = 0.096 m (0.3 1 5 ft), 

L Sp = 0.077 m (0.255 ft). 

The primary stream shock noise Strouhal number is 
Spsn =0.91. 

From Equation (5-25), 

PSNF = 4948 Hz. 

The shock noise spectrum is obtained from Figure 5.2-40. Using this spectrum, PSNSPL : 

1 1 1 .4 dB and PSNF = 4948 Hz, the primary stream shock noise component was plotted 

in Figure 5.5-1. 


Vp - 616MPS (2020 FPS) 

~T p -811°K (1460 o R) 

• - 0 75, A y - 0.0128 M 2 (0.136 FT 2 ) 
r - 4. 57 M (15 FT) 

LOSSLESS DAY DATA 


FNPR - 4.10 

V p » 060 MPS (2820 FPS) 
T_ • 1089 °k (1960°R) 


TOTAL NOISE SPECTRUM 
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Figure 5.5-1 Prediction of the Static Individual Noise Components and the Total Noise 
Spectrum 
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5.5.3 Prediction of the Flight Jet Exhaust Noise 

5.5.3. 1 Low Frequency and High Frequency Mixing Noise Components 


Since the flight velocity is 91.4 m/sec (300 ft/sec), the flight Mach number is 
Mo = Vo/ca 
= 0.273 . 

Because 0 m = 79 degrees, the Doppler factor (1 - M 0 cos 0 ) is approximately unity and 
according to Equation (5-32), the frequency shift is less than one-third octave band. 

From Figure 5.3-4 at 0m = 79 degrees, 
n m = 5.0, 

and using Equation (5-35). with Vm = 609 m/sec (1998 ft/sec), 

LFSPLt light = LFSPLs - 3.5 dB. 

Therefore, the static low frequency mixing noise component is reduced 3.5 dB in flight, 
as illustrated in Figure 5.5-2. 

From Figure 5.3-7, at 0 = 90 degrees, 

nj = 6.1, 


and using Equation (5-36) with Vj = 834 m/sec (2737 ft/sec), 

HFSPL, light = HFSPLs - 3.1 dB 

Therefore, the static high frequency mixing noise component is reduced 3.1 dB in flight, 
as illustrated in Figure 5.5-2. 

5.5.3.2 Fan Stream and Primary Stream Shock Noise Components 


At 0 = 90 degrees, the Doppler shift in frequency for either shock noise component is 
insignificant. 


Therefore, from Equation (5-36), 
SNSPL plight = SNSPLs, 


and the shock noise levels are the same in flight for both the fan stream and primary stream 
shock noise components as illustrated in Figure 5.5-2. 
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Figure 5.5-2 Prediction of the in Flight Individual Noise Components and the Total Noise 

Spectrum 


5.6 COMPARISON OF DATA WITH PREDICTIONS USING THE ACOUSTIC 
PREDICTION PROCEDURE 

Results of the acoustic empirical prediction system are described in this section. Predictions 
from the prediction procedure outlined in Section 5.4 are presented in this section and 
compared with model acoustic data for a wide range of static nozzle operating conditions, 
including subsonic and supersonic fan and primary flows. Comparisons were also made for 
different geometric configurations at fixed operating condition. The geometric variations 
included variations in fan stream and primary stream radius ratios. In addition, compari- 
sons were made for simulated forward flight conditions. The following topics are discussed 
in Section 5.6: comparison of IVP coannular nozzle noise predictions with measured data 
and analysis of the accuracy of the prediction procedure. 
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5.6.1 Comparison of I VP Coannular Nozzle Noise Predictions with Measured Data 

Predictions were made both for coannular nozzles in a static environment and for nozzles 
in simulated forward flight. Sample static acoustic predictions were made for IVP coannular 
nozzles for fixed geometry but varying nozzle operating conditions and for fixed operating 
conditions with different nozzle geometries. The predictions for fixed nozzle geometry are 
contained in Figures 5.6-1 through 5.6-4. In these figures, predictions were made for oper- 
ating conditions and geometries that are included in the data base obtained from References 7 
and 8. For all four cases predicted, the primary stream was subsonic; the primary pressure 
ratio, velocity, and temperature were 1.53, 402 m/sec (1320 ft/sec) and 700°K (1260°R), 
respectively. For two of the cases the fan stream conditions were subsonic (fan pressure 
ratio of 1.8) and for two cases the fan stream conditions were supersonic (fan pressure 
ratios of 3.2 and 4.1). In Figures 5.6-1 through 5.6-4 the agreement between predictions 
and experimental data is within the standard deviations established for each individual noise 
component over the frequency range from 800 Hz to 25,000 Hz. 

Figure 5.6-5 contains both predictions and data for an operating condition in which both 
the fan stream and primary stream were supersonic. The shock noise component visible at 
90 degrees in Figure 5.6-5 was due to the supersonic primary stream. The shock noise com- 
ponent from the fan stream was 10 dB below the mixing noise levels and is not visible in 
the total noise spectrum. The agreement between predictions and experimental data in 
Figure 5.6-5 was within the standard deviation established for each noise component in 
Sections 5.2. 1.1 and 5.2. 1.2 from 800 Hz to 25,000 Hz. 

Predictions for fixed operating condition but with different nozzle geometry are contained 
in Figures 5.6-6 through 5.6-9 for angles of 60, 90, 1 20 and 1 50 degrees. Predictions were 
made for two operating conditions - one with both streams subsonic and one with both 
streams supersonic. Data and predictions are shown in these figures for Configurations A, 

C, and E tested in the present program. The model constructions of Configurations A, C, 
and E are illustrated in Figures 3.3-3, 3.3-5 and 3.3-7. Configurations A and C had the same 
primary radius ratio but differing fan radius ratio. As the model test data showed, increases 
in fan radius ratio resulted in reductions of the high frequency noise. This trend was pre- 
dicted using the prediction procedure and agreed with measured data. Configuration E had 
the same fan radius ratio as Configuration C but a larger primary radius ratio. Both the data 
and predictions showed that the high frequency noise was reduced by an increase in pri- 
mary radius ratio, holding fan radius ratio fixed, and the two agreed within the standard 
deviations established for each noise component, except for the predictions in Figure 
5.6-6, over a range of frequencies from 800 Hz to 25,000 Hz. 

Flight predictions were made for one operating condition and flight velocities of 0, 200, and 
129 m/sec (425 ft/sec). Predictions were made and compared to data from References 9 
and 10 in Figures 5.6-10 through 5.6-13 for angles of 70, 90. 120 and 150 degrees. Data and 
predictions agreed within the standard deviations established for each noise component over 
a range of frequencies from 800 Hz to 25.000 Hz. 
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Figure 5. 6-7 Comaprisons at 6 = 90 Degrees of Measured SPL Spectra From the Present 
Program, for Configuration A, C, and E, with Predictions 
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Figure 5. 6-9 Comparisons at 0 = 150 Degrees of Measured SPL Spectra From the Present 
Program , for Configurations A, C, and E, with Predictions 
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5.6.2 Analysis of the Accuracy of the Prediction Procedure 

The accuracy of the acoustic prediction procedure can be stated precisely for nozzle geome- 
tries and operating conditions within the parameter extremes of the data base but remains 
to be established outside the parameter extremes. Within the data base the accuracy limits 
were as noted in Section 5.3. The standard deviations for the static correlations ranged 
between ±1.0 dB and ±2.4 dB while the standard deviations for the flight correlations 
ranged between ±0.8 dB and ±2.7 dB. 

The data prediction comparisons contained in Figures 5.6-1 through 5.6-13 demonstrate 
that the predicted and measured levels for a variety of cases do agree within the standard 
deviations obtained for the individual noise components, and these standard deviations 
therefore are indicative of the accuracy of the total noise prediction over a range of fre- 
quencies from 800 Hz to 25,000 Hz. 

Relative trends can be predicted more accurately than absolute noise level predictions. For 
example, in Figure 5.6-9 the reduction in high frequency noise from Configuration A to 
Configuration E was predicted more accurately than the absolute levels. 

The accuracy of predictions made outside of the data base cannot be assessed. Since the 
mixing noise model used to correlate the high and low frequency noise components is based 
physically upon the characteristics of the IVP coannular nozzle flow development, it is 
expected that extrapolations of operating conditions can be made with reasonable accuracy. 
However, the fan stream shock noise normalizations for primary pressure ratio and fan 
temperature were developed empirically and may be found to be unreliable when extrapo- 
lated to operating conditions outside of the data base. In practice this may be unimportant 
because shock noise is a decreasing function of primary pressure ratio and fan temperature, 
and therefore this noise component may be dominated by mixing noise as these two para- 
meters are extrapolated to higher values of velocity than those contained in the data base. 
Table 5.6-1 contains a summary of the parameter extremes contained in the data base used 
in developing the acoustic prediction procedure and should be used as an aid in establishing 
the range of parameters where the noise prediction procedure should provide the most 
reliable results. 

The shock noise prediction procedure could be improved by extending the data base to 
include higher primary pressure ratios and higher fan temperatures. Alternatively, a theoreti- 
cal foundation for coannular shock noise could be established by obtaining experimental 
evidence of the shock structure in the aerodynamic flow from coannular nozzles along with 
experimental evidence of the noise generation mechanism. As discussed in Section 5.2.2. 1, 
this would include data on the change in shock structure and strength with nozzle operating 
condition and data on the change in turbulence properties (e.g., turbulence intensity and 
convection velocity) of eddies convected through the shock structure. 
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TABLE 5.6-1 


SUMMARY OF PARAMETER EXTREMES IN THE 
ACOUSTIC DATA BASE 


Parameter 

Fan to primary velocity ratio 
Fan to primary temperature ratio 
Absolute fan temperature 

Fan to primary area ratio 
Fan radius ratio 
Primary radius ratio 


Variation in Data Base 

1.03 to 2.80 

0.36 to 2.76 

394°K (710°R) - 
1 089° K (1960° R) 

0.65 to 1.48 

0.60 to 0.91 

0 to 0.81 



SECTION 6.0 


STATIC AERODYNAMIC PERFORMANCE PREDICTION PROCEDURE 


This section describes the static aerodynamic performance prediction procedure developed 
in this program. The procedure permits estimating nozzle performance by combining an 
analytical prediction of internal duct loss and external scrubbing loss with an empirically 
derived reference thrust coefficient in the subsonic operating regime and correlations of 
shock loss in the supersonic flow regime at supercritical fan nozzle pressure ratios. The 
empirical shock loss correlation was developed by relating the thrust coefficients of the 
test models to a reference thrust coefficient established in the sub-critical nozzle pressure 
range where shocks were not present. The approach to development of the static perform- 
ance prediction system is discussed in Section 6.1 . Viscous losses (internal duct loss, scrub- 
ing loss) and the comparison between prediction and measurement of these losses are dis- 
cussed in Section 6.2. Off-design shock loss and the relationship of the losses to typical 
nozzle operating characteristics are discussed in Section 6.3, and a demonstration of the 
application of the static performance prediction procedure is presented in Section 6.4. 

In Section 6.5 the static performance prediction procedure is evaluated by comparing pre- 
dictions made using the procedure with actual nozzle performance measurements. 

6.1 APPROACH 

6.1.1 Subsonic and Supersonic Nozzle Loss Mechanisms 

The static performance prediction procedure divides nozzle operation into two regimes: sub- 
sonic (unchoked) and supersonic (choked) operation. The loss mechanisms in each regime 
are depicted in Figure 6.1-1. During subsonic operation, the nozzle losses consist of internal 
friction (duct) loss, flow angularity losses, and external scrubbing drag loss resulting from the 
washing of the primary cowl and plug surfaces by jet flow. In the supersonic regime, addi- 
tional losses are due to flow over or underexpansion resulting in shock cells. Variation in flow 
angularity loss among the models was minimized because all five models had throat plane 
and cowl/plug angles of 15 degrees. 

6. 1 .2 Prediction Procedure Concept 

The viscous internal duct losses and external scrubbing losses are readily predictable by any 
of several established analytical methods such as the one described in Reference 32. The 
shock loss and reference thrust coefficient are not predictable and have been treated em- 
pirically by a correlation developed from data acquired in this program. The performance 
prediction system, then, is a combination of analytical methods and empirical correlations. 


167 



CHARGING 

STATION 



Figure 6. 1-1 Nozzle Loss Mechanisms 


6.2 VISCOUS LOSSES 

6.2.1 Internal Duct Loss 

The interna] friction losses are defined as the loss in thrust resulting from the loss in duct 
total pressure (APt/Pt) from the pressure measurement station (charging station) to the 
nozzle throat plane. The duct losses were calculated analytically over the range of nozzle 
operating conditions using a Reshotko-Tucker one-dimensional compressible flow turbulent 
boundary layer analysis (Reference 32) modified to provide better agreement with data 
for adverse pressure gradient flow conditions. Results of the internal duct loss calculation, 
in terms of thrust coefficient increment at a primary nozzle pressure ratio (PNPR) of 1.53 
and 2.0, are shown in Figure 6.2-1 for the five test configurations. The configuration ranking 
is exactly as expected. The high radius ratio plug Configuration E had the most internal 
surface area (see Figure 6.2-2 for review of the model configurations) and had the highest 
duct loss. Configuration A. the lowest fan stream radius ratio model without a plug, had the 
lowest internal surface area and the lowest internal duct loss. 
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Figure 6.2-1 Test Model Analytical Internal Duct Loss 
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Figure 6.2-2 Review of Model Test Configurations 
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6.2.2 External Scrubbing Loss 

The scrubbing loss is defined as the loss in thrust due to the viscous drag on the primary 
cowl and plug (if present) surfaces washed by the jet flow. 

The scrubbing losses were calculated by assuming that the flow has expanded to jet velocities 
where the jet static pressure equals ambient pressure and applying the Reshotko-Tucker 
boundary layer analysis (Reference 32) to define a viscous drag which was converted to a 
thrust loss. 

Examples of the scrubbing losses for the test configurations in terms of thrust coefficient 
increment at PNPR of 2.0 and 1 .53 are shown in Figure 6.2-3. In comparing zero primary 
radius ratio models, ranking is also as expected with Configuration A exhibiting the lowest 
scrubbing loss. Plug Configurations D and E are also consistent, with Configuration E 
exhibiting a larger loss than Configuration D. 
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FAN NOZZLE PRESSURE RATIO ~ FNPR 


Figure 6.2-3 Thrust Loss From Predicted External Scrubbing Loss (From Reference 32) 

Configurations A, B, and C exhibited an increasing scrubbing loss as fan nozzle pressure 
ratio (FNPR) increased subsonically from 1.2 to 2.0 followed by a slight fall-off in the 
supersonic region. In the subsonic region, the scrubbing loss increased because the increased 
primary cowl drag (caused by increased Mach number) increased at a more rapid rate than 
total nozzle thrust. This drag is proportional to FNPR while total thrust is comprised of 
constant primary thrust and a moderately increasing fan thrust. Configurations D and E 
showed decreasing scrubbing drag with increasing FNPR throughout the FNPR range 
variation. This trend is explained by the fact that for these models, scrubbing drag consists, 
predominantly, of primary plug drag which remains constant (at the constant test PNPR) 
while total thrust increases proportionally with FNPR. 
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6.2.3 Correlation of Subsonic Model Performance 


In order to evaluate the validity of the preceding viscous loss assumptions, the thrust coef- 
ficients for Configurations A, B, and C were corrected for viscous effects. It should be 
pointed out that the correlated subsonic performance for Configurations A, B, and C include 
the flow angularity effects associated with these model designs. The measured thrust coef- 
ficients corrected for viscous effects for Configurations A, B and C are compared in Figure 
6.2-4 for PNPR of 1.53 and 2.0. At a FNPR of 2.0 the data collapsed within ±0.002 for a 
PNPR of 1 .53 and within ±0.001 5 for a PNPR of 2.0. The data collapse below a FNPR 2.0 
indicates that, in the subsonic flow regime, the major variations in nozzle performance can 
be attributed to the viscous loss mechanisms. 


C T " Ct + A C-r + A C*r 

t inviscid ‘meas "duct 1 scrub 



FAN NOZZLE PRESSURE RATIO ~ FNPR 


Figure 6.2-4 Viscous Loss Correlation of Measured Thrust Coefficient for Configurations 
A y B y and C 


An empirical reference level of nozzle thrust coefficient, CT ret , can be established as a 
function of FNPR by fairing a curve through the collapsed data for each PNPR as shown in 
Figure 6.2-5. A slight difference does exist between CT rcf curves established for the two 
PNPR test conditions. This difference is attributed to the interaction of the fan and primary 
flow fields as indicated by the primary nozzle flow restriction effects discussed previously 
in Section 4.2.2. 

At FNPR greater than 2.0, Figure 6.2-4, it is observed that the thrust coefficients fall off at 
varying rates. The variation of the data in the supersonic flow regime indicates that the 
previously included viscous effects are insufficient to cause data collapse. An additional loss 
mechanism, shock loss, must be considered for FNPR greater than 2.0. Therefore, the task 
remaining to complete formulation of the prediction system was to correlate this shock loss 
as a function of the pertinent geometric parameters. 
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Figure 6.2-5 Reference Thrust Coefficient Established From Viscous Loss Correlations 
of Configurations A, B & C at FNPR <2.0 


6.3 SHOCK LOSS 

6.3.1 Plug Nozzle Operating Characteristics 

Plug nozzles aerodynamically adjust to changes in ambient pressure, hence producing 
acceptable performance levels below the nozzle pressure ratio (NPR) for choked flow. 
Performance falls off rapidly, however, as NPR is increased above critical pressure ratios 
into the over-expanded region, as shown in Reference 33 data of Figure 6.3-1 . The poor 
performance in this region is caused by a series of shocks, over-expansion and compressions, 
emanating from the primary cowl. The resulting flow field breaks down into complex 
transonic and subsonic flows that are not accurately predicted by analytical techniques. As 
FNPR is further increased to the design value, performance improves but then falls off in 
the under-expanded regime as the exhaust plume goes beyond cylindrical, as shown in 
Figure 6.3-1. The test data from the present program were limited to the unchoked and 
over-expanded regimes. As shown in the preceding section, viscous losses collapsed the data 
in the unchoked regimes. The development of the static performance prediction system is 
then dependent upon the establishment of an empirical shock loss correlation to be used 
in the over-expansion region. 
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Figure 6. 3-1 Typical Nozzle Operating Characteristics 

6.3.2 Off-Design Shock Loss 

The approach used to develop the shock loss correlation relates the off-design loss to nozzle 
area ratio (A ex /Af) and the ratio of fan nozzle operating and design pressure ratios (per- 
cent design FNPR). Area ratio, A ex /A*, for an annular nozzle is defined in Figure 6.2-2. 
diagram. 



The shock loss thrust coefficient decrement, ACt shock . was determined as the difference 
between the thrust coefficient adjusted for viscous losses and Cx ret for fan nozzle pressure 
ratios at and above 2.0, as shown conceptually in Figure 6.3-3. Data for the three zero 
primary radius ratio Configurations A, B and C were selected for the correlation since the 
fan nozzle area ratio was readily defined by the cylindrical primary plume associated with 
zero primary radius ratio. The performance of those configurations, adjusted for viscous 
losses at a FNPR above 2.0, is compared to the reference thrust coefficient are plotted as a 
function of percent design FNPR in Figures 6.3-4 and 6.3-5 for PNPR 2.0 and 1.53, 
respectively. Comparison of the two figures indicates that the shock losses for PNPR 2.0 and 
1.53 are not exactly the same. While the difference is relatively small, there are apparently 
sufficient differences in fan and primary stream interactions at the two PNPR levels to pro- 
duce slightly different shock loss correlations. Crossplotting the data of Figures 6.3-4 and 
6.3-5 provides maps of the shock loss correlation, ACt$hock ' as a function °f f an nozzle 
area ratio and percent fan nozzle design pressure ratio as shown in Figure 6.3-6 (PNPR = 

2.0) and Figure 6.3-7 (PNPR = 1.53). Combining these shock loss correlations with the 
CT rcj correlation and the analytical viscous loss predictions constitutes the performance 
prediction procedure 

^Tp rcc j ^T rc( ~ f ACt dijct + ACt scrub + ACt S hock ]• Eq. (6-1) 
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The differences in level of <?r ref and shock losses observed at the two PNPR tested, although 
small, indicate that coannular nozzle performance is dependent on PNPR as well as FNPR 
particularly in the supersonic flow regime. Asa result of these differences, interpolation is 
required within the range of PNPR tested, 1 .53 to 2.0. Extension of the prediction procedure 
to other PNPR should be restricted until supporting data are obtained. 

°T = C T REF “ A C T DUCT “ A C T SCRUB “ A C T SHOCK 
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Figure 6.3-3 Thrust CoefficientElements of the Static Performance Prediction System 
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Figure 6. 3-4 Off-Design Shock Loss Variations at PNPR = 2.0 
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Figure 6.3-5 Off-Design Shock Loss Variations at PNPR - 1.53 
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Figure 6. 3-6 Empirical Off-Design Shock Loss Correlation 
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Figure 6. 3- 7 Empirical Off-Design Shock Loss Correction 


6.4 APPLICATION OF THE AERODYNAMIC PERFORMANCE PREDICTION 
PROCEDURE 

6.4.1 Procedural Steps and Input Requirements 

The input requirements and procedural steps necessary for application of the performance 
prediction procedure will be discussed in this section. A specific prediction estimate will be 
discussed in Section 6.4.2 for Configuration E to further clarify use of the procedure. A 
flow diagram of the required steps is shown in Figure 6.4-1. 

1. Determine the nozzle operating conditions for which the performance prediction 

is desired. These should include fan and primary nozzle pressure ratios and charging 
station total pressure and temperature. 

2. The fan and primary flowpaths must be completely defined including coordinates from 
the charging station through the exits of fan and primary nozzles (including a center 
body plug, if present). Some estimate of the nozzle internal surface roughness will be 
required for the analytically determined viscous loss estimate. The fan nozzle design 
pressure ratio will be an input to the off-design shock loss correlation. 

3. The reference thrust coefficient is read directly from Figure 6.2-5 using the fan and 
primary operation nozzle pressure ratios, interpolating if necessary between PNPR. 
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Figure 6.4-1 A erodynamic Performance Prediction Procedure Flow Diagram 


4. The fan and primary discharge Mach numbers needed for the viscous loss estimate of 
external scrubbing drag can be determined by entering operating FNPR and PNPR 
into the Mach function equation: 


M 


ex 



7-1 

(NPR) 7 - 1 


where NPR = P t /P a - 


Eq. (6-2) 


5. Analytical prediction of the viscous losses requires use of a boundary layer calculation. 
The program of Reference 32 (Roshotko-Tucker Analysis) is typical. Many such pro- 
grams may be used for this purpose and may require a different form of input then that 
needed for the Reference 32 program. 
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6. Inputs to the Reference 32 boundary layer program include an estimate of the initial 
momentum thickness at the charging station. This estimate can be based on engineering 
judgment or preferably the result of an additional boundary layer computation starting 
from a point of known zero momentum thickness in the ducting upstream of the charg- 
ing station. 

A preliminary (one dimensional) charging station Mach number estimate is required. 
Nozzle flowpath geometry (see item 2), nozzle exit Mach numbers (see item 4), and 
nozzle internal surface roughness complete the required inputs to the Reference 32 
boundary layer program. 

7. Viscous Losses: 


The internal duct loss output of the boundary layer analysis is given in terms of duct 
total pressure loss. This total pressure loss must be converted to an equivalent thrust 
or Ct loss. The procedure is as follows for each stream: 




7 + 1 

1 ~7 " 


Fid 

r-y 2 ( 2 \ 

7- 1 

7 


A*P t 

V 7-1 \7+l/ 


b-( p t /p a ) J 

Eq 

A Fid/Fjd 

A Ct duct 

d (Fjd/A*P t )/Fjd/A*P t 



AP t /P t 


A P t /P t 


d (P t /P a )/P t /Pa 


Eq. (6-4) 


Differentiating Equation (6-3). substituting the result into Equation (64). and 
simplifying yields: 


A CT duct 
A Pt/Pt 



and A Ct duct 


1 



A Pt/Pt 


7-1 

(Pt/Pa) 7 -I 


Eq. (6-5) 


Eq. (6-6) 
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For the two stream case, the individual fan and primary thrust coefficient decrements must 
be thrust weighted to obtain the overall thrust decrement. 


ACT 


Fjdf A CTf + Fidp ACT p 


Fidf + Fjdp 


Eq. (6-7) 


The scrubbing drag loss for each stream is computed as the product of skin friction coefficient, 
Cf (an output of the boundary layer calculation procedure), the external wetted surface area 
(Aw), and the stream’s dynamic head (q): 

D scrub = Cf q Aw > Fq. (6-8) 


where 

q = — P a 7 M| x Eq. (6-9) 


The individual stream scrubbing drags are then converted into an overall thrust coefficient 
decrement as follows: 


DsCRUBf + DsCRUBp 

A Ct = 

Fidf + Fjdp 


Eq. (6-10) 


8. The off design shock thrust coefficient loss decrement can be determined from Figure 
6.3-5 or 6.3-6 by entering the correlation curves with fan nozzle area ratio and percent 
design fan nozzle pressure ratio, interpolating as required for PNPR. 

This completes the static aerodynamic performance prediction procedure sequence. 

6.4.2 Numerical Example of the Procedure Use 

An example of the use of the static performance prediction procedure will be made for 
Configuration E. 
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1. Nozzle Operating Conditions: 



Fan 

Primary 

Nozzle pressure ratios 

3.0 

2.0 

Charging station 



a) Pt N,/m 2 (lb/in 2 ) 

3.04x 1 0 5 (44. 1 ) 

2. 03x10^(29.4) 

b) T t °K (°R) 

294 (530) 

294 (530) 

c) 7 

1.4 

1.4 


2. Model Design Parameters and Geometry Definition - Configuration K 

a) Flowpath geometry coordinates of Figure 6.4-2 were input to the Reference 32 
Boundary Layer analysis. 

b) The fan and primary nozzle areas are Af* = 0.0075m 2 ( 11.72 in 2 ) and 
Ap* = 0.0051m 2 (7.92 in 2 ). 

c) The fan nozzle area ratio A cx /Af* is 1.22. 

3. Reference Thrust Coefficient (CT rct ): 

Inputting FNPR 3.0 and PNPR 2.0 to Figure 6.2-5. Read CT rct - 0.996. 



Figure 6.4-2 Configuration E Flow Path Coordinates 
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4. Internal Duct Loss Analysis: 


Inputs: 

Fan 

Primary 

a) Charging station entrance 
Mach number 

.380 

.186 

b) Surface roughness mm (in.) 

. 00761.0003) 

.0076C0003) 

c) Momentum thickness ~ mm (in.) 

.508 (.02) 

.660 (.026) 

Outputs: (From Reference 32 analysis) 



a) Duct total pressure loss (APt/Pt) 

.023 

.012 

b) Throat plane momentum thickness 
(Input for scrubbing drag 
Analysis) mm (in.) 

.305 (.012) 

.076 (.003) 

Fan and Primary Thrust Coefficient Decrement 
( ACt) due to duct total pressure loss 



Computed from Equation (6-6) 

.009 

.0078 

Ideal Thrust Fid 

Computed from Equation (6-3) N (lb) 

2162 (489) 

796 (179) 

Overall ACT 

Computed from Equation (6-7) 

act = 

.0086 

5. Scrubbing Drag Analysis: 



Inputs: 

Fan 

Primary 

a) Fan and primary exit Mach 
numbers computed from 
Equation (6-2) 

1.358 

1.046 

b) Surface roughness ~ mm (in.) 

.0076C0003) 

,0076(.0003) 

c) Momentum thickness (out-put from 
duct loss analysis) ~ mm (in.) 

.305 (.012) 

.076 (.003) 
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Fan 


Primary 


Outputs: 


a) Average friction coefficient .0025 .0028 

Cf (from Reference 32 analysis) 

b) q, computed from Equation (6-9) 1 ,308x 10 s ( 1 8.97 1 ) 0.77x10^(1 t.255) 

- N/m 2 (lb/in 2 ) 

c) External surface area computed 6.671xl0“ 3 (10.34) 3.51xl0" 2 (54.4) 

from geometry ~ m 2 (in 2 ) 

d) Scrubbing drag computed from 2.10 (.490) 7.624 (1.714) 

from Equation (6-8) N (lb) 


Computed from Equation (6-10) ACT scrub = .00337 

6. Off design shock loss correlation — 

For the fan nozzle area ratio Aex/Af* of 1.22. design FNPR = 4.045 and percent 
design FNPR = 3.0/4.045 = .7417, from Figure 6.3-5 read ACT shock = 002. 


7. Configuration E Thrust Coefficient Prediction - 


Relating the viscous and shock loss decrement to the CT rcf (Equation (6-1 )) gives 
CTpred = -982 which compares well with the measured thrust coefficient of .979. 

6.5 EVALUATION OF THE STATIC AERODYNAMIC PERFORMANCE 
PREDICTION PROCEDURE 


The performance prediction procedure was first applied to the Configurations D and E by 
comparing predicted and measured thrust coefficients. These models have fan nozzle design 
area ratios (Aex/Af*) of 1.20 and 1.22. respectively. The results, plotted as predicted minus 
the measured thrust coefficient vs. FNPR, are shown in Figure 6.5-1 for the PNPR = 2.0. 

The comparison for the PNPR = 1 .53 data is shown in Figure 6.5-2. The PNPR 2.0 data 
comparison is accurate to within +0.003 for Configuration E and -0.001 for Configuration D 
at a FNPR of 3.0. The band spread at FNPR 3.0 for the PNPR 1.53 data comparison is greater, 
from +0.001 to +0.006. This lack of closure indicates that the primary flow is producing an 
interaction with the fan flow which affects the magnitude of the shock losses on the after- 
body and on the primary plug. 

A second evaluation of the Static Performance Prediction Procedure was made by applica- 
tion of the procedure to a single flow plug nozzle (Configuration E primary How only). 

For this example, the PNPR 1.53 shock loss correlation was somewhat better than the 
PNPR 2.0 data as shown in Figure 6.5-3. The predicted minus measured Ct variation was 
from -0.001 to -0.004 for the PNPR 1.53 data and from 0 to —0.0055 for the latter 
correlation. 


182 



PREDICTED MINUS MEASURED 
THRUST COEF. ~AC T 


A C T - C T PREDICTED ' C T MEASURED 



FAN NOZZLE PRESSURE RATIO ~ FNPR 

Figure 6.5-1 Predicted - Measured Thrust Coefficient at Primary Nozzle Pressure Ratio = 
2. 0 for Plug Configuration D&E 


AC T*Ct pred -Cj meas 



FAN NOZZLE PRESSURE RATIO ~ FNPR 


Figure 6.5-2 Predicted - Measured Thrust Coefficient at Primary Nozzle Pressure Ratio = 
1.53 for Plug Configurations D&E 
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Figure 6.5-J Predicted - Measured Thrust Coefficient for Configuration E Primary Flow 
Only 

A third evaluation of the procedures was made using the data from the coannular plug 
models of Reference 34 (NAS-1 9777). Four of the eight configurations tested in the Ref- 
erence 34 program (Configurations 2, 3, 5, and 6) were evaluated. These configurations 
are shown in Figure 6.5-4. The choice of these models is of interest since some of the model 
geometric parameters fall outside the range of those tested in this program. A comparison 
of Reference 34 configurations to the prediction system nozzle geometry and pressure ratios 
tested is given in Table 6.5-1. 


Results of the application of the aerodynamic performance prediction system to the Refer- 
ence 34 nozzle data are summarized in Figure 6.5-5. Predictions were made for FNPRs of 2.0 
and 3.2 at a PNPR of 1.5. The predicted levels of performance were greater than measured 
for all configurations compared, ranging from 0.3 to 0.6 percent higher for Configurations 
2 and 5 and 1.0 to 2.5 percent higher for Configurations 3 and 6. The error in predicted 
versus measured CT is much greater than that of the other examples checked. The reason for 
this disparity is believed to be due to the nozzle throat design of the Reference 34 test con- 
figurations. The fan and primary nozzle throats were designed such that the discharge How 
exited axially, whereas the prediction system is based on test results of model configurations 
that were designed to have the nozzle discharge flow aligned with the downstream surface 
as shown in Figure 6.5-6. 


Previous experimental work with single tlow plug nozzles, Reference 35, has shown that 
when the nozzle throat is misaligned with the plug surface, thrust coefficient decreases as 
shown in Figure 6.5-7. 


The conclusion from these comparisons is that the prediction system developed in the cur- 
rent program does not have general applicability to all coannular plug nozzles. The system’s 
use should be restricted to exhaust nozzles similar to those tested, and extrapolating its use 
to types of configurations other than those tested in this program could result in substantial 
errors. 
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CONFIGURATION NO. 2 


CONFIGURATION NO. 3 



CONFIGURATION NO. 5 CONFIGURATION NO. 6 



Figure 6. 5-4 Nozzle Con figurations (Reference 34) Evaluated With A erodynamic 
Performance Prediction Procedure 


TABLE 6.5-1 

COMPARISON OF REFERENCE 34 AND PREDICTION SYSTEM 
NOZZLE GEOMETRIES AND TEST PRESSURE RATIOS 


Prediction System Reference 34 (NAS3-19777 Configurations) 



Range 

Config. 2 

3 

5 

6 

Af/Ap 

1.48 

1.0 

1.9 

1.6 

0.7 

Aexf/Af* 

1.2 - 2.4 

2.5 

2.3 

1.9 

3.1 

Aexp/Ap* 

1. 0-2.7 

2.8 

5.4 

2.8 

2.8 

Cowl Angle 

15° 

15° 

15° 

15° 

15° 

R f 

15° 

0° 

0° 

0° 

0° 

R P 

0.69-0.83 

0.9 

0.9 

0.85 

0.93 

riDp/roDp 

0-0.81 

0.8 

0.9 

0.8 

0.8 

FNPR 

1.3 -4.1 


1.5 -3.2 



PNPR 

1.53 & 2.0 


1.5. 2.5, 3.5 
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Figure 6 . 5-5 Predicted Minus Measured Thrust Coefficient ( Reference 34 Nozzle Models) 
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Figure 6.5-7 
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Effect of Throat Angle Relative to Cone Angle on Plug Nozzle Performance 
( Reference 35) 




SECTION 7.0 


SUMMARY OF RESULTS AND CONCLUSIONS 


Static acoustic and aerodynamic performance characteristics were determined for five 
coannular nozzle models. Aerodynamic and acoustic test data were obtained at primary 
nozzle pressure ratios of 1.53 and 2.0 over a range of fan nozzle pressure ratio from 1.3 to 
4.1. Acoustic tests were run over a range of fan stream temperatures of 700° K (1260°R) 
to 1089°K (1960°R) at a primary stream temperature of 81 1°K (1460°R). 

Each of the five test configurations was designed for a total exhaust jet area of .0126 m 2 
(. 1 36 ft 2 ). Fan to primary area ratio was held constant at 1.48. Fan stream radius ratio for 
the three zero primary radius ratio configurations varied from 0.69 to 0.83. The two plug 
configurations had fan radius ratios of 0.75 and 0.83 and primary radius ratios of 0.60 
and 0.8 1. 

An aero/acoustic design prediction procedure was developed to provide acoustic and per- 
formance capability over a range of nozzle geometries and nozzle operating conditions. 

A data bank comprising all of the results of this program has been established and documented 
in the Comprehensive Data Report (Reference 19). 

7.1 ACOUSTIC RESULTS AND CONCLUSIONS 

7.1.1 Acoustic Prediction Procedure 

An empirical acoustic design procedure for inverted velocity profile coannular nozzles was 
developed, capable of predicting jet noise sound pressure level spectra as a function of nozzle 
geometry, operating condition, and flight velocity. 

1. Acoustic spectra were decomposed into: 

• a high frequency mixing noise component 

• a low frequency mixing noise component 

• a fan stream shock noise component 

• a primary stream shock noise component 

2. The total noise for a full scale engine is obtained by prediction of each of the four 
noise components at a given angle and summing them logarithmically. 

3. Data correlations developed for each noise component collapsed the peak SPL of each 
noise component with standard deviations varying from ±0.8 dB to ±2.7 dB. 
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4. The acoustic prediction procedure accuracy is currently limited by the parameter ex- 
tremes of the existing data base. Consideration should be given to the further extension 
of the data base parameters to improve applicability of the procedure. In particular, 
it is recommended that acoustic data be obtained for fan stream temperatures more 
typical of duct burning propulsion systems (181 1°K (3260°R)). 

7.1.2 Acoustic Test Results 

1. The acoustic characteristics of coannular nozzles were found to be a function of fan 
and primary stream radius ratios. For a fan stream velocity of 610 m/sec (2000 ft/sec) 
and a primary stream of 778 m/sec ( 1400 ft/sec): 

• Increasing fan radius ratio from 0.69 to 0.83 reduced peak PNL 3 dB. 

• Increasing primary radius from 0 to 0.81 , at constant fan radius ratio, reduced peak 
PNL an additional 1 dB. 

• The ratio of passage height to cowl extension (H/L) was not a good noise correlation 
parameter. 

2. The effects of fan and primary radius ratios were also a function of operating condition. 
As fan stream velocity was increased, the noise reductions with increasing fan and primary 
stream radius ratio decreased. At a fan stream velocity of 853 m/sec ( 2800 ft/sec), no 
additional noise reduction was obtained with increasing fan stream or primary stream 
radius ratios. 

7.2 AERODYNAMIC PERFORMANCE RESULTS AND CONCLUSIONS 

7.2.1 Static Aerodynamic Performance Prediction Procedure 

A static performance prediction procedure was developed capable of predicting nozzle 
performance over the range of nozzle geometries and operating conditions tested. 

1. The procedure developed makes use of analytical predicted viscous losses (internal duct 
loss and external scrubbing loss) and empirically derived off-design shock loss to obtain 
the predicted nozzle thrust coefficient. 

2. The procedure collapsed the zero primary radius ratio model thrust coefficient data to 
within ±0.001 5 at a FNPR of 2.0 and a PNPR of 2.0. It predicted a plug nozzle thrust 
coefficient to within 0.003 of the test data at a FNPR of 4.1 and a PNPR of 2.0. 
Application of the prediction procedure to the coannular nozzles of Reference 34 gave 
inconsistent results with differences between measured and predicted Cj varying from 
zero to 0.025. The disparity is attributed to the nozzle throat design of the referenced 
configurations. 


188 



7.2.2 Aerodynamic Performance Test Results 


1. Nozzle thrust coefficient was found to be adversely effected by increasing fan radius 
ratio. Increasing fan radius ratio from 0.69 to 0.83 at zero primary radius ratio, reduced 
thrust coefficient from 1 percent at a fan nozzle pressure ratio of 2.0 to 2 percent at a 
fan nozzle pressure ratio of 4. 1 . 

2. Nozzle thrust coefficient was not significantly affected by primary radius ratio because 
the primary stream thrust contribution to total thrust is relatively small for the tested 
configurations and operating conditions. 

• Increasing primary radius ratio from zero to 0.80 at a constant 0.83 fan radius ratio 
had a relatively small effect on thrust coefficient over the tested range of FNPR. 

3. Fan discharge coefficient CDf increased slightly with fan radius ratio 

• When fan radius ratio was increased from 0.69 to 0.83 at zero primary radius ratio. 
CDf increased 1.5 percent at the higher FNPR. 

4. Fan discharge coefficient CDf was not significantly affected by primary stream radius 
ratio. 

• Changing primary radius from 0 to 0.81 at a 0.83 fan radius ratio did not change 
CDf at a FNPR greater than 2.5. 

• Changing primary radius ratio from 0 to 0.6 at a 0.75 fan radius ratio increased CDf 
0.7 percent above a FNPR of 2.5. 

5. The effects of fan and primary stream radius ratio on primary discharge coefficient were 
masked by flow restriction of the primary stream by the fan stream. 

• The zero primary radius ratio configurations showed significantly greater primary 
flow restriction than did the plug models. 

• The primary flow restriction for all configurations was substantially reduced at 
increased primary nozzle pressure ratio. 

• Improvement in primary discharge coefficient for these models could be made by: 

a) Use of convergent-divergent primary nozzle. 

b) Use of an isentropic splitter contour to reduce fan to primary stream impinge- 
ment angle. 

c) Reduction in fan cowl angle to reduce fan to primary impingement angle. 

d) Use of a primary plug. 
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7.3 


PREDICTION SYSTEM ACCURACY 


Definition of the accuracy of the aero/acoustic prediction procedure was limited to nozzles 
whose geometries and design concepts are within the prediction procedure data base. Appli- 
cation of the acoustic prediction procedure has been limited to examples which fall within 
the acoustic data base. Under these conditions, prediction accuracy has been good. The 
accuracy of the prediction procedure for configurations outside the parameter extremes of 
the data base cannot be assessed. Application of the aerodynamic performance prediction 
system to configurations outside of the parameter extremes of the performance data base 
indicated that the performance prediction procedure should be restricted to configurations 
similar to those tested in the present program. 

Application of the aero/acoustic procedure could be extended to include other types of 
nozzles by further extension of the data base and by including experimental and/or analyt- 
ical corrections to account for different types of designs. 
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APPENDIX A 


Acoustic Power and Perceived Noise 
Level Directivity Data 
Scaled 12 x to 1.52 M (5 ft.) Equivalent 
Diameter Size 

Representative of Full-Scale AST Powerplant 
and 

Overall Sound Pressure Level Directivity Data 
Scaled 12 x to 1.52 M (5 Ft.) Equivalent 
Diameter Size 

Representation of Full-Scale AST Powerplant 


TABLE A-1 


ACOUSTIC TEST MATRIX 


£AU — PRIMARY Run Numbers 


Point 


T t 

Pressure 

Velocity 


T t 


Pressure 

Velocity 







No. 

°K 

(°R) 

Ratio 

m/sec 

(ft/sec) 

°K 

(°R) 

Ratio 

m/sec 

(ft/sec) 

A 

B 

C 

D E 


1 

700 

(1260) 

1.3 

314 

(1030) 

811 

(1460) 

1.53 

427 

(1400) 

8301 

8201 

8401 

8501 

8601 

2 

700 

(1260) 

1.8 

457 

(1500) 

811 

(1460) 

1.53 

427 

(1400) 

8302 

8202 

8402 

8502 

8602 

3 

700 

(1260) 

2.5 

564 

(1850) 

811 

(1460) 

1.53 

427 

(1400) 

8303 

8203 

8403 

8503 

8603 

4 

700 

(1260) 

3.2 

625 

(2050) 

811 

(1460) 

1.53 

427 

(1400) 

8304 

8204 

8404 

8504 

8604 

5 

1089 

(1960) 

1.8 

573 

(1880) 

811 

(1460) 

1.53 

427 

(1400) 

8305 

8205 

8405 

8505 

8605 

6 

1089 

(1960) 

2.5 

707 

(2320) 

811 

(1460) 

1.53 

427 

(1400) 

8306 

8206 

8406 

8506 

8606 

7 

1089 

(1960) 

4.1 

853 

(2800) 

811 

(1460) 

1.53 

427 

(1400) 

8307 

8207 

8407 

8507 

0607 

8 

700 

(1260) 

1.3 

314 

(1030) 

811 

(1460) 

2.0 

540 

(1770) 

8308 

8208 

8408 

8508 

8608 

9 

700 

(1260) 

1.8 

457 

(1500) 

811 

(1460) 

2.0 

540 

(1770) 

8309 

8209 

8409 

8509 

8609 

10 

700 

(1260) 

2.5 

564 

(1850) 

811 

(1460) 

2.0 

540 

(1770) 

8310 

8210 

8410 

8510 

8610 

11 

700 

(1260) 

3.2 

625 

(2050) 

811 

(1460) 

2.0 

540 

(1770) 

8311 

8211 

8411 

8511 

8611 

12 

1089 

(1960) 

1.8 

573 

(1880) 

811 

(1460) 

2.0 

540 

(1770) 

8312 

8212 

8412 

8512 

8612 

13 

1089 

(1960) 

2.5 

707 

(2320) 

811 

(1460) 

2.0 

540 

(1770) 

8313 

8213 

8413 

8513 

8613 

14 

1089 

(I960) 

4.1 

853 

(2800) 

811 

(1460) 

2.0 

540 

(1770) 

8314 

8214 

8414 

8514 

8614 

IS*.* 


No Fan Flow 



700 

(1260) 

1.3 

314 

(1030) 


8215 




16 


No Fan Flow 



700 

(1260) 

1.8 

457 

(1500) 


8216 




17 


No Fan Flow 



700 

(1260) 

2.5 

564 

(1850) 


8217 




18 


No Fan Flow 



700 

(1260) 

3.2 

625 

(2050) 


8218 






No Fan Flow 













19 

700 

(1260) 

1.3 

314 

(1030) 


No Primary 

Flow 



8219 


8519 


20 

700 

(1260) 

1.8 

457 

(1500) 


No Primary Flow 



8220 


8520 


21 

700 

(1260) 

2.5 

564 

(1850) 


No Primary Flow 



8221 


8521 


22 

700 

(1260) 

3.2 

625 

(2050) 


No Primary Flow 



8222 


8522 


23 

1089 

(1960) 

1.8 

573 

(1880) 


No Primary Flow 



8223 


8523 


24 

1089 

(1960) 

2.5 

707 

(2320) 


No Primary Flow 



8224 


8524 


25 

1089 

(1960) 

4.1 

853 

(2800) 


No Primary Flow 



8225 


8525 


26 



Fan 



700 

(1260) 

1.3 

314 

(1030) 





8626 

27 



Fan 



700 

(1260) 

1.8 

457 

(1500) 





8627 

28 



Fan 



700 

(1260) 

2.5 

564 

(1850) 





8628 

29 



Fan 



700 

(1260) 

3.2 

625 

(2050) 





8629 

30 



Fan 



1089 

(1960) 

1.8 

573 

(1880) 





8630 

31 



Fan 



1089 

(I960) 

2.5 

707 

(2320) 





8631 

32 



Fan 



1089 

(I960) 

4.1 

853 

(2800) 





8632 


1 Convergent nozzle reference points 

2 The fan cowl was removed when testing with primary flow alone 
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CONFIGURATION B 
ACOUSTIC DATA 
OASPL @ 45.7 M (150 FT) RADIUS 
r a = 298° K (537° R), Rel. Hum. = 70% 
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REFERENCE CONVERGENT NOZZLE 
ACOUSTIC DATA 
OASPL @ 45.7 M (150 FT) RADIUS 
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APPENDIX B 


VERIFICATION OF DATA ACQUISITION PROCEDURE 

As discussed in Section 4. 1.2.1, model data did not have a constant rolloff at high frequen- 
cies as predicted by the SAE prediction procedure. This phenomenon appeared most prom- 
inent in model data transformed to a theoretical day. In order to preclude the possibility 
that the measurement system of environmental conditions in the test facility was adversely 
affecting the measurements, the following tests were conducted. 

1. System Electrical Noise 

Purpose - To define the system noise floor over the range of recording gain settings 
and determine the contribution of electrical noise to the measured signal. 

Test - Each microphone system was calibrated by applying a B&K pistonphone. 

This 250 Hz reference sine wave signal was recorded on all data channels 
at normal gain settings. A record was then made of all data channels at a 
range of gain settings used during model testing with the microphones 
capped. 

Reduction - Based on the reference sine wave signal, the recorded data were reduced 
to 1/3 octave band values and plots of each channel output made at all 
gain settings. Values so obtained were corrected for gain settings and the 
1 /3 octave band values referenced to the 250 Hz signal value of 1 24 dB. 

Results - Figures B-l and B-2 show typical plots of recorded acoustic data com- 
pared to the system electrical noise spectra, both referred to the same 
acoustic level. The spectra for data recorded at the 150 degree angle (Fig- 
ure B-2) show that the noise is 12 dB below the signal level. This indicated 
that the contribution of the noise to the signal was less than 0.3 dB. The 
system electrical noise spectra were compared to all data points measured 
during the test. In those cases where the signal to noise differences were 
less than 8 dB, correction was made to the measured signal by subtracting 
the noise level. Of all the measurements taken, approximately 1.0 percent 
required correction and in no case did the correction exceed 3.0 dB. That 
is, the measured signal level was never less than 3 dB above the system elec- 
trical noise. In no cases were corrections required in other than the last 
three 1/3 octave bands (50, 63 and 80K Hz). 
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Figure B-l 


Figure B-2 



ONE THIRD OCTAVE BAND CENTER FREQUENCY - HZ 


System Electrical Noise Test, 0 = 90 Degrees at 4.57m (15 ft) Radius 



i 1 i i i i i i i 

200 400 800 1 6K 3 1SK 6 3K 12.5K 25K 60K 

ONE THIRD OCTAVE BAND CENTER FREQUENCY - HZ 


System Electrical Noise Test, 6 = 150 Degrees at 4.57m (15 ft) Radius 
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2. Microphone Complement Noise 

Purpose - To determine the minimum levels of acoustic signals that may be received 
and conditioned by the microphone complement system without distortion 
by electrical noise. 

Test - Two microphone systems (90 and 150 degrees) were calibrated with a 

B&K pistonphone and the 250 Hz sine wave signal recorded as an acoustic 
reference level of 1 24 dB. The microphones were then removed and a pink 
noise signal applied. Records of the pink noise output were made at zero 
gain (cal.) setting and at -10, -20, -30, -40 and -50 dB attenuation steps. 

For each recording adjustment the signal conditioning amplifiers provided 
optimum signal level input to the tape recorder. 

Reduction - Based on the reference sine wave signal, reduction of the recorded data to 
1/3 octave band values was made. Plots of the results for each channel, 
with all data referred in acoustic level to the reference sine wave signal of 
124 dB, were made. 

Results - The signal conditioning amplifiers were adjusted to provide optimum signal 
level to the tape recorder with each reduction of the input. This would result 
in constant system electrical noise with the exception of the microphone, 
preamplifier, cable and power supply which made up the microphone com- 
plement or front end of the system. 

Figure B-3 shows the results of a pink noise signal inserted into the micro- 
phone preamplifier. Deviations from the desired 10 dB input interval were 
within the input noise generation system specifications down to 50 dB, 
except at low frequencies where line frequency harmonics exist, indicating 
that there was no system front-end noise affecting SPL measurements down 
to an equivalent acoustic level of at least 66 dB (within the frequency range 
of interest). This indicates that the system front-end was capable of deliver- 
ing noise free signals as low or lower than the recording system can faithfully 
record. 

3. System Dynamic Range 

Purpose - To define the system dynamic range at a typical recording gain setting for 
each 1/3 octave band. 

Test - A typical microphone system was calibrated by recording the 250 Hz sine 

wave signal as an acoustic reference level of 124 dB. Then the microphone 
was removed and a pink noise signal inserted to the pre-amplifier. Record- 
ing of the pink noise output at zero gain (cal.) setting with the signal con- 
ditioning system gain adjusted for optimum signal level was made. The 
input signal was reduced in approximately 5 dB steps (to -45 dB) and re- 
cordings made at each level at this same gain setting. 
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Reduction - One third octave band values were obtained for all records and the resultant 
spectra plotted. 

Results - As shown in Figure B-4 the system dynamic range on a 1/3 octave band 
basis for a pink noise signal (flat spectrum) was approximately 35 dB. 

4. Temperature and Humidity Measurement 

Purpose - To determine whether the atmospheric measurements from the tempera- 
ture and humidity sensor are representative of the acoustic path to 
assure accurate corrections to the recording data. 

Test -Temperature and humidity readings were taken at 1 1 positions within the 

sound measurement field between the nozzle and microphones. The 
measurements were obtained during the various settings of secondary 
airflow through the chamber walls which were representative of those 
used during the nozzle model tests. 

Reduction - Comparisons were made of the readings taken at 1 1 measurement posi- 
tions with the installed monitor system at each secondary airflow config- 
uration. The maximum error attributable to these variances was calculated. 

Results - For all airflow configurations tested, the measured relative humidity did 
not vary greater than ±.5% and the measured temperature was within 
±1°K (2°R) of these parameters measured by the installed monitor system. 
The results of a typical survey is shown in Figure B-5. The most significant 
adjustments to the data due to the effects of temperature and relative 
humidity occurred at the higher frequencies. Adjustments applied to the 
acoustic data at the 80 KHz one-third octave band center frequency could 
be in error by ±.3 dB if the extremes of the temperature and humidity 
variations represent the difference in the conditions of the noise path to 
that which was measured by the monitor system. 
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PERFORATED METAL 
PACK-UP PANELS 






LIST OF SYMBOLS 


A 

b 

c 

CD 

Cj 

D 

f 

F 

FNPR 

FSNF 

FSNSPL 


H 

HF 

HFSPL 

IVP 

L 

L s 

LF 

LFSPL 




m 

M 

M„ 


m 


M o 

n i 

NPR 


OASPL 

P 

PNPR 

PNL 

PWL 

PSNF 

PSNSPL 

q 


Area ratio 
Area 

Mixing layer width 
Acoustic velocity 

Discharge coefficient - actual weight flow/ideal weight How 

Thrust coefficient - actual thrust/ideal thrust 

Diameter, Drag 

Frequency 

Thrust 

Fan nozzle pressure ratio 
Fan stream shock noise frequency 
Fan stream shock noise SPL 
Gravitational constant 
Annulus height 

High frequency generated by initial region 
High frequency SPL generated by initial region 
Inverted velocity profile 
Length of cowl extension 
Shock cell spacing 

Fan frequency generated by merged region 
Low frequency SPL generated by merged region 
Ratio external flow velocity to initial region velocity 
Ratio external flow velocity to merged region velocity 
Mach number 

Convective Mach number of turbulent eddy with respect to the ambient 
acoustic velocity 

Flight velocity divided by ambient acoustic velocity 

Initial region relative velocity exponent 

Nozzle pressure ratio 

Merged region relative velocity exponent 

Shock noise convective amplification exponent 

Overall Sound Pressure Level (Also OSPL in Section 4.1 ) 

Pressure 

Primary nozzle pressure ratio 
Perceived noise level 
Power level - dB re 10-12 wa tts 
Primary stream shock noise frequency 
Primary stream shock noise SPL 
Dynamic pressure 


21 1 


LIST OF SYMBOLS (Cont'd.) 


r 

Radius 

R 

Radius ratio or 

Ref 

Universal gas constant 
Reference 

S 

Strouhal number 

SL 

Side line 

SNF 

Shock noise frequency 

SNSPL 

Shock noise SPL 

SPL 

Sound pressuie level re .0002 degrees/Cm2 

ASPL 

SPL correction for radius ratio 

ASPL(PNPR) 

Shock noise SPL correction for primary nozzle pressure ratio 

ASPL(T tt /T a ) 

Shock noise SPL correction for fan nozzle pressure ratio 

T 

Temperature (Static with no subscript, total with subscript) 

T(x) 

Peak mean temperature at axial position 

V 

Velocity 

V 

Ratio - fan to primary velocity 

V(X) 

Peak mean velocity at position X 

Ve 

Lddy convection velocity 

Vo 

Free jet wind tunnel velocity 

W 

Weight flow 

Xe 

Axial distance from nozzle exit plane 

Greek Letters 

a 

Empirical parameter used in definition of V m 

0 

Angle measured from upstream jet axis 

0 

Cowl angle 

CO 

SAE density exponent 

7 

Ratio of specific heats 

9 

Mass density 

A 

Difference in noise or aerodynamic performance levels 
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LIST OF SYMBOLS (Cont'd.) 


Subscripts 


a 

ex 

f 

i 

ID 

OD 

id 

j 

in 

o 

P 

s 

t 


ambient 

exit 

fan 

initial region 

Inner Diameter 
Outer Diameter 
ideal 
jet 

merged 

initial conditions 

primary 

static 

total 
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